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THE  POSSIBILITY  OF  PpODUCTION  OF  MET  ALLOCER  A  MIC 
(SINTERED  )  HARD  ALLOYS  BASED  ON  CHROMIUM.  TITANIUM. 
AND  TUNGSTEN  BORIDES 


1. 1.  Iskoldsky  and  L.P.  Bogorodskaya 


The  solid  compounds  tungsten  carbide  and  titanium  carbide,  cemented  by  small  amounts  of  cobalt  to 
give  me talloce ramie  compacts,  only  came  into  use  in  the  twentieth  century  for  metal  cutting  and  rock  drill¬ 
ing. 

Apart  from  their  uses  in  metalloceramic  alloys,  some  solid  compounds  have  been  used  as  surface  coat¬ 
ings  applied  to  metal  surfaces  by  fusion  in  the  electric  arc  or  by  the  oxyacetylene  flame. 

In  surface  coating  technology  use  is  also  made  of  metal  electrodes  consisting  of  metal  rods  covered  with 
coatings  containing  such  solid  compounds.  The  wear  and  impact  resistance  of  various  machine  parts  may  be 
increased  by  solid  coatings  of  this  type. 

The  solid  compounds  used  are  carbides,  borides,  nitrides,  and  silicides  of  certain  metals,  and  also  alu¬ 
minum  oxide,  which  has  been  used  in  the  form  of  plates  for  the  so-called  "white  cutters." 

This  paper  deals  with  the  possibility  of  using  chromium  boride,  titanium  boride,  and  tungsten  boride  for 
the  production  of  sintered  alloys. 


EXPERIMENTAL 

Preparation  of  metal  borides.  Six  methods  for  the  production  of  borides  have  so  far  been  published  in 
the  literature;  these  are;  1)  direct  synthesis  from  the  elements  Me  +  B  — ♦  MeB;  2)  the  thermometal- 
lurgical  method  MeO  +  BjOs  +  Al(Si,  Mg)  —*■  MeB  +  Al(Si,  Mg  )  oxide;  3)  reduction  of  oxides  by  car¬ 
bon  MeO  +  B2O3  +  C  — ♦  MeB  CO;  4)  the  method  involving  the  use  of  boron  carbide  Me  +  B4C  +  B2OJ  — > 
MeB  +  CO;  5)  electrolysis  of  melts  of  MeO  +  alkali  borate  +  MeF  — ►  MeB  +  mixture  of  boron  and  fluorine 
compounds  of  alkali  and  alkaline-earth  metals;  Q  formation  from  the  gas  phase;  Me  +  B  Halide  Hj 
MeB  +  hydrogen  halide. 

However,  only  tiiree  of  these  methods  can  be  of  industrial  importance. 

In  1929,  Andrieux  [1]  published  his  new  results  on  the  production  of  borides  by  electrolysis. 

The  electrolysis  was  carried  out  in  a  cylindrical  carbon  crucible  (the  cathode  ),  and  a  carbon  rod  served 
as  the  anode.  The  crucible  was  placed  in  an  electric  furnace  heated  to  1000*. 

The  electrolyte  was  a  mixture  of  metal  oxide,  metal  borate,  and  a  fluorine  compound;  the  electrolysis 
was  carried  out  at  15  v  with  a  current  of  20  amp. 

The  investigations  were  on  die  laboratory  scale.  200-250  g  of  the  mixture  was  taken  for  electrolysis. 

The  best  boride  yields  were  10  g. 

Twenty  years  later,  the  Americans  used  Andrieux’s  results,  and  obtained  borides  of  chromium,  titanium, 
zirconium,  niobium,  and  tantalum  in  considerably  larger  quantities.  Ih  each  case  the  electrolytic  bath  con¬ 
tained  a  mixture  of  the  following  composition;  metal  oxide  +  B20^  +  CaO  +  CaFj.  No  details  of  the  electro¬ 
lytic  process  for  the  production  of  large  amounts  of  borides  are  given  in  the  literature.  The  borides  obtained 
electrolytically  contain  a  certain  amount  (l-2<7o)  of  impurities. 
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Another  metliocl,  developed  by  McKenna  for  the  production  of  chromium,  titanium,  zirconium,  and 
vanadium  borides,  consists  of  reduction  of  a  mixture  consisting  of  metal  oxide,  boric  anhydride,  and  carbon 
in  a  grapliitc  crucible  heated  in  an  induction  furnace  [2],  Some  metal  borides  can  also  be  made  by  the 
therniometallurgical  metliod  by  simultaneous  reduction  of  boric  anhydride  and  a  metal  oxide,  by,  for  example 
powdered  aluminum  or,  better,  powdered  magnesium.  We  shall  not  consider  the  other  methods  for  production 
of  borides,  as  they  have  not  yet  been  used  industrially. 

The  worl<  of  Kiessling  [3],  who  studied  a  series  of  borides  by  the  X-ray  method  and  helped  to  determine 
their  structure  and  composition,  is  of  great  importance. 

Some  properties  of  borides.  The  melting  points  of  some  metal  borides  were  determined  as  tlie  result  of 
our  investigations. 

The  purest  preparations,  witli  impurity  contents  of  some  hundredtlis  of  one  per  cent,  were  used  for  the 
melting  point  determinations.  Specimens  pressed  from  boride  powders  (without  any  cementing  additions)  were 
fused  in  a  tubular  resistance  furnace  with  a  graphite  heater.  The  melting  points  were  determined  by  means  of 
a  radiation  pyrometer  calibrated  up  to  3500",  The  pyrometer  was  connected  to  a  galvanometer  and  an  auto¬ 
matic  recorder.  The  fusion  point  was  established  by  visual  observation  and  simultaneously  recorded  automa¬ 
tically. 

The  following  meltii-g  points  were  determined  (in  deg)  ;  CrB  1800  ±  50,  TiBj  2850  dt  50,  ZrBj  3000  ±  80. 

The  densities  of  certain  borides  (in  g/cc)  were  determined  pycnometrically  at  15*:  CrB  6.50,  TiB2  4.94, 

WB  15.5;  ZrB2  6.17  at  20*.  It  was  then  desired  to  determine  tlie  ease  of  oxidation  of  chromium  and  titanium 
borides  when  heated  in  air. 

A  quartz  boat,  containing  1  g  of  powdered  chromium  boride  or  titanium  boride,  was  heated  in  an  open 
porcelain  tube  in  a  Mars  furnace  at  1200*  for  1  hour.  The  chromium  boride  gained  0.3192  g,  or  31,9o/r  in 
weighs  and  a  green  coating  appeared  on  its  surface;  titanium  boride,  TiB2,  was  oxidized  more  vigorously 
(the  powder  turned  yellow  )  and  gained  0.3764  g,  or  37.6%  of  its  initial  weight.  Thus,  chromium  and  tita¬ 
nium  borides  are  strongly  oxidized  by  atmospheric  oxygen  at  1200*. 

According  to  the  results  of  our  experiments,  chromium  boride  is  partially  soluble  in  hydrochloric  and 
nitric  acids.  Sulfuric  acid  has  no  action  on  chromium  boride.  Hydrochloric  acid  has  no  action  on  titanium 
boride.  Titanium  boride  is  partially  dissolved  by  nitric  acid,  while  sulfuric  acid  has  a  very  slight  effect  on  it. 

For  determination  of  the  microhardness  of  chromium,  titanium,  and  tungsten  borides,  specimens  were 
made  from  the  powdered  borides  without  cementing  additions  (Fig.  1).  Chromium  bromide  sinters  badly, 
and  it  was  therefore  used  in  remelted  form.  The  following  results  were  obtained  in  microhardness  determina¬ 
tions  by  means  of  tlie  PMT-3  instrument*  (in  kg/  mm*  at  200  g  load  );  CrB  2100,  TiB2  2200,  WB  2200. 

Borides  are  liard  compounds,  but  it  would  be  incorrect  to  claim  that  they  are  considerably  harder  than 
carbides. 

Production  of  sintered  alloys.  The  question  of  using  borides  for  hard  alloys  was  first  raised  in  the  USSR 
by  Chizhevsky,  who  wrote  in  a  paper  published  jointly  witli  Shmelev:  "A  characteristic  property  of  many 
metal  borides  is  their  extreme  hardness,  never  inferior  to  the  hardness  of  diamond.  Metal  borides  may  be  of 
great  interest  from  this  standpoint  as  materials  for  the  production  of  the  so-called  superhard  metalloceramic 
alloys,  and  this  raises  the  practical  need  for  a  knowledge  of  the  cobalt  -  boron  diagram"  [4]. 

There  are  several  patents  claiming  tlie  use  of  borides  for  the  production  of  hard  alloys.  Thus,  an 
American  patent  [5]  describes  the  production  of  hard  alloys. based  on  chromium  boride.  Cobalt  or  nickel  are 
used  as  the  cementing  metals. 

An  English  patent  [6]  claims  the  production  of  hard  alloys  based  on  chromium  boride.  It  is  interesting 
that  in  an  English  patent  [7]  it  is  proposed  to  use  powdered  heat-resistant  alloys  on  a  nickel  and  cobalt  basis 
for  cementing  chromium  boride. 

The  work  of  Sindeband  181  on  the  use  of  chromium  boride  for  the  production  of  nickel-based  heat-re¬ 
sistant  alloys  did  not  yield  any  important  results,  as  chromium  boride  partially  loses  boron  to  the  cementing 

•  The  microhardness  determinations  were  carried  out  by  I.N.  Chaporova, 
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metal.  This  gives  an  easily  fusible  phase.  The  mechanical  strength  of  such  an  alloy  is  low. 

Recently  Binder  and  Roth  used  molybdenum  borides  for  the  production  of  metalloceramic  plates  for 
metal  cutting  [9],  These  experiments  yielded  some  positive  results.  The  binding  material  used  was  the  com¬ 
pound  Mo2NiB2  instead  of  a  powdered  metal. 

For  production  of  sintered  alloys,  we  used  pure  chromium  and  titanium  borides,  the  free  carbon  contents 
of  which  were  for  CrB  0,03-0,18%,  and  for  TiB2  0,27-0,4%.  The  borides  were  first  ground  and  sifted  through 
a  90  mesh  screen,  after  which  the  mixture  was  prepared  by  suitable  treatment  for  pressing  in  the  form  of  plates 
The  pressed  plates  were  sintered  in  tubular  furnaces  in  a  hydrogen  atmosphere.  Two  kinds  of  coverings  were 
used  over  the  plates  in  the  graphite  boats;  graphite  in  some  cases  and  "corrax"  (Al20i)in  others.  Subsequently 
the  use  of  graphite  was  abandoned. 


According  to  the  X-ray  data,  cobalt  and  nickel  react  with  the  borides  and  isomorphously  replace  chro¬ 
mium  and  titanium  atoms.  Thus,  with  contents  of  20%o  Co  or  20o7r  Ni,  the  metal  phase  vanishes.  In  the  case 
of  chromium  boride,  me tallographic  investigation  confirmed  the  formation  of  a  new  phase,  and  the  cementing 
phase  was  not  found.  A  similar  result  was  obtained  in  the  case  of  titanium  boride,  with  the  difference  that 
thin  layers  of  metallic  cobalt  remained  in  this  case  (Fig,  2). 

Coercive  force  is  not  found  in  alloys  based  on  chromium  boride  and  cobalt.  This  also  confirms  the 
disappearance  of  the  cementing  metal  phase.  Coercive  force  could  be  found  for  alloys  based  on  titanium  boride 
and  cobalt.  The  explanation  is  that  thin  veins  of  metallic  cobalt  remained  in  the  alloy.  These  metallic  veins 
are  not  enough  to  confer  the  required  mechanical  strength  to  the  sintered  alloy. 

An  interesting  fact  is  that  according  to  chemical  analysis,  the  carbon  content  of  plates  containing  chro¬ 
mium  boride  does  not  increase  after  sintering  in  "corrax"  while  the  carbon  content  in  plates  containing  titanium 
boride  increases  by  0.3%)  after  sintering  under  "corrax." 

In  addition  to  cobalt  nickel,  powdered  iron  was  used  for  the  production  of  sintered  alloys.  The  results 
of  these  experiments  are  given  in  Table  2.  Iron,  like  cobalt  and  nickel,  reacts  with  chromium  and  titanium 
borides  in  sintered  alloys.  Iron  is  only  retained  in  the  alloy  if  a  large  amount  of  it  is  added  to  the  mixture  used 
for  making  the  alloy,  but  even  in  such  cases  only  thin  veins  of  metallic  iron  are  retained. 


Fig.  1 .  Pure  titanium  boride  after  sintering. 


Fig.  2.  Polished  microsection  of  sintered 
alloy.  Titanium  boride  cemented  by 
20%o  cobalt. 


The  results  of  experiments  with  the  use  of  cobalt  and  nickel  as  the  cementing  metals  are  given  in  Table 
1.  Table  1  does  not  give  data  on  hardness  of  the  alloys  or  on  cutting  of  metals  by  them,  as  the  plates  were 
very  brittle.  The  properties  of  the  sintered  alloys  obtained  were  studied  metallographically,  by  X-rays,  and 
by  determinations  of  the  coercive  force,  density,  and  bend  strength. 


To  judge  by  the  data  in  Table  1,  sintered  alloys  based  on  chromium  and  titanium  borides  cemented  by 
cobalt  and  nickel  are  not  suitable  for  use  in  cutting  plates,  as  they  are  brittle  and  porous.  Cobalt  and  nickel 
disappear  as  independent  phases  or,  at  best,  remain  as  very  thin  interlayers.  In  most  cases  metallic  cobalt  or 
nickel  could  not  be  detected  in  the  alloys  by  X-ray  investigation. 


Properties  of  Sintered  Alloys  Based  on  Chromium  and  Titanium  Borides  Cemented  by  Cobalt  and  Nickel 
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The  object  of  the  following  exper¬ 
iments  was  to  determine  whether  chromium 
and  titanium  borides  form  solid  solutions  or 
chemical  compounds  with  tungsten  carbide, 
as  it  was  suggested  that  carboborides  are 
formed  when  mixtures  of  borides  and  car¬ 
bides  are  heated  to  high  temperatures. 

Metallographic  and  X-ray  inves¬ 
tigations  of  mixtures  of  borides  and  carbides 
sintered  at  1750*  showed  that  solid  solutions 
or  chemical  compounds  are  not  formed. 

It  was  then  desired  to  determine 
how  borides  of  tungsten,  titanium,  and  chro¬ 
mium  react  with  each  other.  Mixtures  were 
prepared,  containing  (in  <yo):  83  WB  and  17 
TiB2;  95  WB  and  5  CrB.  The  mixtures  were 
heated  to  1750*  in  a  hydrogen  atmosphere  in 
a  Tammann  furnace.  Metallographic  and 
X-ray  investigations  of  the  sintered  products 
showed  that  no  solid  solutions  or  chemical 
compounds  are  formed  between  borides  of 
tungsten,  titanium,  and  chromium. 

The  object  of  the  subsequent  ex¬ 
periments  was  to  determine  whether  sintered 
alloys  could  be  prepared  from  tungsten  bo¬ 
ride  and  cobalt.  WB  of  the  following  com¬ 
position  (  in  was  used;  B  6.06,  W  93.50, 

C  total  When  a  mixture  containing 

10<yo  Co  and  OO^/o  WB  was  sintered  at  1575*, 
all  the  cobalt  reacted  and  a  new  phase  was 
formed  (Table  3 ). 

As  chromium  and  titanium  borides 
react  with  cobalt,  nickel,  and  iron,  forming 
new  phases,  it  was  of  interest  to  sinter  chro¬ 
mium  and  titanium  borides  with  metallic 
tungsten.  It  was  thought  tliat  tungsten  would 
decrease  the  boride  reactivity,  as  part  of  the 
boron  would  combine  with  the  metallic 
tungsten.  The  sintered  products,  after  grind  - 
ing,  were  cemented  by  metallic  cobalt. 

For  this  purpose  mixtures  were  pre¬ 
pared  containing  12J5o}r  tungsten,  reduced  by 
hydrogen,  with  27.5<yo  TiB2,  and  also  74.5fl/o 
tungsten,  reduced  by  hydrogen,  with  25.5% 
CrB.  These  mixtures  were  sintered  at  1750* 
in  a  hydrogen  atmosphere,  ground,  and  then 
used,  after  addition  of  10%  cobalt,  for  the 
production  of  cobalt-tungsten-boride  mixtures, 
which  were  molded  into  plates. 

An  interesting  fact  was  that  X-ray 
investigation  of  the  sintered  plates,  which 
contained  WB  +  Co,  CrB  +  W  +  Co,  TiB2  + 
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+  W  +  Co,  did  not  reveal  metallic  cobalt  or  tungsten.  These  results  are  also  confirmed  by  microscopic  investi¬ 
gations  of  polished  sections.  Thus,  cobalt,  nickel,  iron,  and  tungsten  react  with  borides  and  cease  to  exist  as  the 
free  metals  (Table  3), 


TABLE  2 

Properties  of  Sintered  Alloys  Based  on  Chromium  and  Titanium  Borides  Cemented  by  Iron 


Boride 

Cemerf 
ing  me  ■ 
tal  con¬ 
tent 
(«%) 

'bb 

gg 

Vi  ^ 

Density 

Coercive 

force 

Phases  observed 

Characteristics  of 
alloy 

CrB 

20 

1580 

6.06 

Not  found 

Two  phases  found. 
Principal  phase  in 
form  of  large  ctystals . 
Grain  size  30-100  p  . 
Small  amt.  of  a  2nd. 
phase  in  spaces  be¬ 
tween  grains  of  prin¬ 
cipal  pnase 

Brittle  gray  plates. 

Bend  strength  16.5 
kg/ mm* 

CrB 

20 

1575 

6.17 

Not  found 

Similar  to  preceding 
specimen  in  phase 
comp. 

Brittle  gray  plates. 

Bend  strength  could 
not  be  determined 

CrB 

60 

1490 

— 

Not  found 

— 

Plates  began  to  fuse; 
large  cavities  in 
plates;  brittle 

CrB 

50 

1675 

— 

Not  found 

— 

Plates  fused,  rounded 
brittle 

CrB 

60 

1575 

6.93 

Not  found 

Large  crystals  of 
principal  phase 
visible.  Grain  size 
40-80  p  Eutectic 
between  grains 

Plates  fused,  rounded, 
brittle 

TiBz 

60 

1530 

6.05 

32 

Two  phases  found. 

Grain  size  of  princi¬ 
pal  phase  2-5p, second 
present  in  small 
amounts  in  the  spaces 
between  grains 

Plates  retained  their 
shape,  brittle.  Bend 
strength  23.2  kg/ 
mm* 

TiBa 

50 

1575 

6.06 

27 

Two  phases  found. 
Phase  of  unknown 
composition  between 
particles  of  principal 
phase 

'plates  retained  theii 
shape.  Bend  strength 

34.2  kg/  mm* 

Two  years  after  our  investigations,  Steinitz  and  Binder  published  the  results  of  an  investigation  [10]  pro¬ 
ving  the  existence  of  ternary  compounds  of  the  type  Mo2MeB2  and  Mo2MeB4,  where  Me  is  Fe,  Co,  or  Ni.  The 
authors  write:  "All  these  compounds  can  be  prepared  by  mixing  tlie  elements  and  heating  the  packed  mixture 
at  1500-1700".  This  is  usually  done  in  a  graphite  crucible  in  a  hydrogen  atmosphere.  New  ternary  compounds 
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can  also  be  made  by  mixing  previously  briquetted  metal  borides  in  suitably  chosen  proportions."* 

Our  investigations  show  tliat  not  only  molybdenum  borides,  but  also  chromium,  titanium,  and  tungsten 
borides  can  form  compounds  with  cobalt,  nickel,  and  iron.  Evidently  this  is  a  property  common  to  metal 
borides.  It  is  necessary  to  determine  whether  new  ternary  borometallic  compounds  are  formed  in  tliis  case, 
or  phases  of  variable  composition  of  the  bcrthollide  type. 

In  recent  years  rfagg  and  Kiessling  [11],  working  in  die  University  of  Uppsala  (Sweden),  have  studied 
the  systems*  Mn-Cr-B,  Fe-Mn-B,  Co-Mn-B,  Ni-Mn-B  and  Co-Fe-B.  Powdered  Mn,  Fe,  and  Co  were  mixed 
with  B.  Mixtures  containing  two  metals  and  boron  were  prepared.  These  mixtures  were  pressed  into  tablets; 
these  were  heated  to  1500*  in  a  vacuum  furnace  at  10'^—  10"’  mm  Hg.  X-ray  investigation  showed  a  state 
of  equilibrium  between  two  mutually  soluble  phases  (MeiMe2)2  B  and  (MeiMe2)B.  It  was  found  that  the  me¬ 
tal  of  lower  atomic  number  is  always  concentrated  in  the  phase  richer  in  boron. 

The  systems  Fe-Mn-B,  Co-Mn-B,  Co-Fe-B  contain  a  phase  (Me |Me2)2B  of  the  CUAI2  type,  in  equilibrium 
with  a  phase  (MeiMe2)B  of  the  FeB  type.  In  the  systems  Ni-Mn  -B  and  Mn  -Cr  -  B  the  appearance  of  new 
phases  is  also  observed. 

In  contrast  to  the  work  of  H’agg  and  Kiessling,  we  studied  tlie  systems  :  CrB-Fe,  CrB-Ni,  CrB-Co,  CrB-W 
and  also  TiB2-Fe,  TiB2-Ni,  TiB2  -Co,  TiB2  -  W,  and  concluded tliat  new  phases  are  formed  from  powdered  me¬ 
tals  and  borides. 


TABLE  3 


Properties  of  Sintered  Alloys  Based  on  Wb,  CrB  +  W  and  TiB2  +  W  Cemented  by  10%  Cobalt 


Boride  or 
boride-tung  - 
sten  mixture 

Sintering 
tempera  - 
ture(de^ 

Density 

Coercive 

force 

Phases  observed 

WB 

1575 

11.38 

Not  found 

Two  phases  found. 

One  of  a  pale  shade. 
Cementing  phase  not 
found 

TiBa-f  W 

1575 

8.24 

Not  found 

3  phases  of  unknown 
composition  found 
in  specimen 

CrB-f- W 

1530 

11.21 

Not  found 

3  phases  found:  1) 
large  crystals,  easily 
stained;  2)  pale 
grains  of  second 
phase,  of  unknown 
composition;  3)small 
amount  of  cementing 
phase  in  veins.Tung- 
sten  not  found 

Characteristics  of 
alloy 


Brittle  deformed 
plates  with  cracks. 
Bend  strength  could 
not  be  determined 


Brittle  dark-gray 
plates.  Bend 
strength  could  not 
be  determined 

Plates  regular  in  shape, 
silvery  white  in  color, 
brittle.  Bend  strength 
26  kg/  mm* 


SUMMARY 

1.  It  is  impossible  to  produce  hard  sintered  alloys  based  on  chromium,  titanium,  and  tungsten  borides 
with  cobalt,  nickel,  or  iron  as  tlte  cementing  metals,  as  these  metals  react  with  chromium  and  titanium  bo¬ 
rides. 


•  This  quotation  has  been  retranslated  from  Russian,  and  has  not  been  verified  against  original.— 
Publislier. 
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2«  We  were  not  able  to  prove  that  chromium  boride  and  titanium  boride  form  chemical  compounds  or 
solid  solutions  with  tungsten  carbide  or  tungsten  boride.  Metals,  however— iron,  nickel,  cobalt,  and  tungsten— 
form  compounds  with  metal  borides.  Apparently  this  is  a  new  class  of  ternary  borometallic  compounds.  Further 
research  is  necessary  to  determine  the  nature  of  these  compounds. 
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EFFECT  OF  STIRRING  ON  THE  KINETICS  OF  ABSORPTION 
OF  CARBON  DIOXIDE  BY  CAUSTIC  POTASH  SOLUTIONS* 

M.Kh.  Kishinevsky 

Laboratory  of  Physical  Chemistry,  tiie  Kishinev  State  University 


A  considerable  number  of  investigations  of  the  kinetics  of  carbon  dioxide  absorption  by  alKaliiie  solutions 
have  been  reported  in  tlae  literature. 

Hitchcock  [1]  studied  the  initial  rate  of  absorption  of  pure  CO2  by  NaOH  and  KOH  solutions  in  .in  ab¬ 
sorber  with  a  slowly  rotating  stirrer.  Similar  apparatus  was  used  by  Pozin  [2],  Turkhan  [3],  and  Haiia  [4). 
Turkhan  [3]  has  described  experiments  on  the  kinetics  of  bubbling  absorption  of  CO2  by  NaOH  solutions.  Tepe 
and  Dodge  [5]  studied  the  kinetics  of  CO2  absorption  by  NaOH  solution  in  a  packed  column.  A  similar  inves¬ 
tigation  with  the  use  of  KOH  solution  was  carried  out  by  Spector  and  Dodge  [6].  Data  on  the  kinetics  of  CO2 
absorption  by  NaOH  solution  agitated  by  a  rapidly  rotating  blade  stirrer  are  given  in  one  of  our  papers  [71.  In 
another  investigation  [8]  we  studied  the  influence  of  a  number  of  factors  on  the  kinetics  of  bubbling  absorption 
of  CO2  by  NaOH  solutions. 

However,  there  are  no  data  in  the  literature  on  the  influence  of  hydrodynamic  conditions  on  the  kinetic 
relationships  of  tire  process.  This  question  is  nevertheless  important  not  only  from  the  theoretical  but  also 
from  tire  practical  aspect.  In  an  earlier  publication  [9]  it  was  shown  for  the  absorption  of  CO2  by  soda  solutions 
that  the  kinetic  relationships  of  the  process  (i.e.,  the  dependence  of  the  absorption  rate  on  the  principal  factors 
of  the  process  P,  C,  t,  and  H*  *)  greatly  depend  on  die  hydrodynamic  conditions.  It  was  shown  in  this  paper, 
for  example,  that  die  soda  concentration  influences  the  rate  of  the  process  in  entirely  different  ways  in  enndi  - 
tions  of  low  and  high  turbulence  of  the  liquid  phase  so  that  the  optimum  concentration,  from  the  kinetic  stand¬ 
point,  cannot  be  determined  without  consideration  of  the  hydrodynamic  conditions  of  the  process. 

The  reaction  between  CO2  and  KOH  is  much  more  rapid  than  the  reaction  between  CO2  and  Na2C03. 
Therefore  the  effects  of  hydrodynamic  conditions  on  the  kinetic  relationships  of  this  process  are  undonbtedly 
not  the  same  as  in  the  case  of  soda.  The  practical  applications  of  CO2  absorption  by  KOH  solutions  are  limited, 
but  several  other  widely  used  processes  have  similar  kinetics.  Therefore  the  present  investigation  was  of  con¬ 
siderable  interest. 


EXPERIMENTAL 

The  apparatus  is  diagrammatically  represented  in  Fig.  1. 

Carbon  dioxide  was  absorbed  in  a  steel  cylindrical  mixer  1,  0.5  liter  in  capacity,  immersed  in  a  water 
thermostat  2  in  which  the  temperature  was  kept  constant  to  an  accuracy  of±  0.1*.  Eddy  formation  during  ro¬ 
tation  of  the  stirrer  was  prevented  by  means  of  a  diffuser  with  four  longitudinal  fins,  fixed  inside  die  mixer. 
The  mixer  was  attached  by  six  bolts  to  an  iron  buffer  tank  3,  31  liters  in  capacity.  Five  metal  tubes  were  fixed 
in  the  upper  part  of  the  buffer  tank  for  the  following  purposes.  Tubes  4,5,  and  6  connected  the  tank  to  an  air 
pump  7,  a  CO2  cylinder  8,  and  the  atmosphere.  Tube  9  connected  the  tank  to  a  water  manometer  10,  used  to 

•  A.  Palant  and  F.  Russu  took  part  in  the  experimental  work. 

•  •  P  is  the  partial  pressure  of  die  gas,  C  is  the  concentration  of  the  absorbent,  t  is  die  temperature  of  the 
absorbent,  H  is  the  solubility  of  the  gas  in  die  absorbent. 
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measure  tlie  absorption  rate.  Alkali  was  admitted  into  the  mixer  through  tube  11,  The  alkali  was  removed 
from  the  mixer  after  each  experiment  through  tube  12  welded  into  the  bottom  of  the  mixer. 


Fig.  1.  Diagram  of  the  Apparatus 
Explanation  in  text. 


Fig.  2.  Rate  of  absorption  of  COj  by  KOH 
solutions  at  200  revolutions/ min. 

A)  CO2  absorption  rate  (in  moles/  min  ), 

B)  partial  pressure  of  C02(in  atm  ). 

KOH  concentration ( in  moles/liter)  1)  0.26, 
2>0.71,  3)1.43,  4)2.46,  5)3.77 


Fig.  3.  Rate  of  absorption  of  CO2  by  KOH  solutions 
at  450  revolutions/  min. 

A)  CO2  absorption  rate  (in  moles/  min  ),  B)partial 
pressure  of  C02(atm  ).  KOH  concentration  (in 
moles/ liter);  1)0.23,2)0.65,3)1.38.4)2.37,  5)4.04 


A 


Fig.  4.  Rate  of  absorption  of  CO2  by  KOH 
solutions  at  850  revolutions/  min. 

A)  CG2  absorption  rate  (in  moles/ min  ), 

B)  partial  pressure  of  CO2  (atm  ).  KGH 
concentration  (in  moles/ liter ):  1)0.34, 
2)0.69  ,  3)2.27. 


Fig.  5.  Rate  of  absorption  of  CG2  by  KGH  sol¬ 
utions  at  1400  revolutions/  min. 

A)  CG2  absorption  rate  (in  moles/  min  ), 

B)  partial  pressure  of  CG2  (atm  ).  KGH  con¬ 
centration  ( in  moles/ liter):  1)0.161,  2)2.32, 
3)5.44. 


The  experimental  procedure  was  as  follows.  Caustic  potash  solution  of  known  concentration  was  poured 
into  a  flask  and  placed  in  a  thermostat.  Meanwhile^  a  gas  mixture  of  the  required  composition  under  a  slight 
excess  pressure  was  prepared  in  the  buffer  tank.  The  liquid  was  poured  into  the  mixer  through  the  tube  11.  The 
pressure  in  the  buffer  tank  was  reduced  to  atmospheric,  and  the  motor  13  was  then  switched  on.  The  times 
needed  to  create  a  vacuum  equivalent  to  1  cm  water  column  were  recorded.  Four  series  of  experiments  were 
performed,  at  stirrer  speeds  of  200  ,  450  ,  850,  and  1400  revolutions/  minute.  The  absorbent  concentrations  and 
temperatures  were  chosen  in  conjunction  to  give  a  constant  viscosity  of  1.2  centipoise.  The  experimental  re¬ 
sults  are  plotted  in  Figs.  2-5. 


DISCUSSIGN  GF  RESULTS 

Hydroxides  (KGH,  NaGH  )  are  dissociated  into  ions  in  aqueous  solutions,  and  their  reaction  with  CG2 
proceeds  in  two  stages; 


C02-|-0H-->HC05', 
HCO7  -f-  OH-  -►  GO^”  -f  H2O . 


The  second  reaction  is  instantaneous,  and  therefore  the  rate  of  the  process  is  determined  by  the  first  reaction, 
which  is  one  of  the  second  order. 

The  following  equation  was  derived  [10]  for  the  rate  of  absorption  accompanied  by  a  second-order  reaction; 


ylmHP^K 


(1) 


where  q  is  the  absorption  rate  for  the  whole  absorbing  surface  (in  moles/  min ),  C  is  the  absorbent  concentration 
(in  moles/ liter);  H  is  the  solubility  of  the  gas  in  the  absorbent  (in  moles/  liter*atm.);  P  is  the  partial  pressure 
of  the  absorbed  gas  in  the  bulk  of  the  gas  phase  (in  atm^;  K  =  K^  At,  where  K^  is  the  rate  constant  for  the 
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slowest  reaction  stage  (in  liter/  mole*min  '  and  At  is  the  renewal  time  of  the  surface  layer  (in  min.);  m  is 
the  number  of  molecules  or  ions  of  the  active  part  of  the  absorbent  combining  with  one  molecule  of  the  gas 
(in  tlie  present  instance  m=  2  );  p  is  the  resistance  of  the  gas  phase  (in  min  /  liter  );  3  is  the  coefficient  of 
mass  transfer  in  the  gas  phase  (in  mol^min  •  atm). 

According  to  Fourholt  [11],  the  rate  constant  for  the  reaction  between  CO2  and  hydroxyl  ions  is  large. 
Therefore  it  was  to  be  expected  that  in  conditions  of  low  turbulence  (low  stirrer  speeds )  with  relatively  large 
renewal  times  At  ,  the  expression 


y/^l¥*K  J  • 
0 


^‘‘dy 


(A) 


in  Equation  (1)  would  be  negligible  relative  to  unity.  In  such  cases  the  kinetic  Equation (1)  takes  the  form 


9  = 


m 


(2) 


The  rates  of  processes  which  obey  this  equation  are  practically  independent  of  the  partial  pressures  of 
the  absorbed  gases.  The  experimental  results  of  the  present  investigation  confirm  this.  As  is  seen  in  Figs.  2 
and  3,  at  low  absorbent  concentrations  the  absorption  rate  depends  on  the  partial  pressure  only  in  the  range  of 
0  to  approximately  0.20  atmosphere.  At  higher  partial  pressures  the  absorption  rate  is  independent  of  the  par¬ 
tial  pressure. 

These  results  are  in  full  agreement  with 
Pozin's  data  [2].  In  a  study  of  the  kinetics  of 
COj  absorption  by  caustic  soda  and  caustic 
potash  solutions  in  a  blade  mixer  at  low  stirrer 
speeds  ( 60  revolutions/  min  )  he  showed  that 
the  partial  pressure  of  the  gas  does  not  influence 
the  absorption  rate.  The  absorbent  concentration 
in  Pozin's  experiments  was  lA<^r.  Thus,  as  in 
our  experiments,  the  absence  of  any  influence 
of  the  partial  pressure  of  the  gas  on  the  absorp¬ 
tion  rate  was  established  by  Pozin  in  conditions 
of  low  turbulence  of  the  liquid  phase  and  at  low 
absorbent  concentrations. 

It  may  not  be  clear  at  first  sight  why  the 
applicability  of  Equation  (2)  depends  on  low 
absorbent  concentrations  in  addition  to  low  tur¬ 
bulence  of  the  liquid  phase.  It  was  stated  earlier 
that  Equation  (1)  passes  into  Equation  (2  )  when 
the  values  of  the  term  (A  )  become  small  re¬ 
lative  to  unity.  The  term  (A)  tends  to  zero 
with  increase  of  mHP*  K(=mHP*  At  ).  The  value  of  mHP*  KsAt,  for  a  given  rate  constant  K^,  depends 
not  only  on  the  turbulence  of  the  liquid  phase,  represented  by  the  term  A  r,  but  also  on  the  gas  concentration 
in  the  surface  layer,  HP*  .  The  latter  decreases  with  increasing  concentration  of  the  absorbent.  Therefore  ' 
Equation  (2  )  is  only  applicable  if  two  conditions  are  satisfied  simultaneously  —  low  turbulence  of  the  liquid 
phase,  and  low  absorbent  concentration  —  and  this  was  found  experimentally  to  be  the  case. 

An  increase  of  die  gas  concentration  in  the  surface  layer  may  be  effected  by  an  increase  of  the  partial 
pressure  of  the  absorbed  gas.  That  is  why,  as  is  shown  by  Figs.  2  and  3,  the  region  of  gas  concentrations  in  which 
the  partial  pressure  does  not  influence  the  absorption  rate  is  shifted  in  die  direction  of  higher  partial  pressures 
at  higher  absorbent  concentrations.  For  example,  at  200  revolutions/  min  and  absorbent  concentration  of 
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Fig.  6.  Variation  of  CO2  absorption  rate  with 
absorbent  concentration  at  CO2  partial  pressure 
of  1  atm. 

A)  CO2  absorption  rate  at  200  revolutions/  min. 
(1)  B  )  CO2  absorption  rate  at  450  revolutions/ 
min.  (2),  C)  KOH  concentration  (moles/ 
liter). 
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0,260  mole/  liter  the  partial  pressure  of  the  gas  ceases  to  influence  the  absorption  rate  at  0.20  atm.;  at  0.71 
mole/ liter,  at  0.5  atm.;  and  at  1.43  mole/  liter,  at  0.6  atm.,  etc. 

Anotlter  condition  for  applicability  of  Equation  (2)  to  experimental  data  at  low  turbulence  is  that  the 
absorption  rate  should  be  a  linear  function  of  the  concentration  of  the  active  part  of  the  absorbent.  Our  exper¬ 
imental  data  for  stirrer  speeds  of  200  and  450  revolutions/  min.  are  in  good  agreement  with  this.  The  data  of 
Figs.  2  and  3  were  used  to  plot  graphs,  shown  in  Fig.  6,  for  the  variation  of  the  absorption  rate  with  absorbent 
concentration  at  a  partial  pressure  of  1  atm.  for  the  above  stirrer  speeds.  The  graphs  show  that  the  experimen¬ 
tal  data,  in  full  agreement  with  theory,  yielded  straight  lines.  The  slope  factor  of  tliese  lines,  according  to 
Equation  (2),  is  l/m(p  +  H/tJ  ),  from  which  the  total  resistance  p+(H/(3  ),can  be  determined.  The  cons- 
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Fig.  7.  Variation  of  CO2  absorption  rate  with 
KOH  concentration  at  200  revolutions/  min. 

A)  Absorption  rate  (mole/ min),  B)  KOH 
concentration  (mole/liter).  Partialgaspres- 
sures(  in  atm  ):  1)0,1 ,  2)0.25,  3)0,5. 


Fig.  8.  Variation  of  CO2  absorption  rate  with 
KOH  concentration  at  450  revolutions/  min, 

A)  Absorption  rate  (mole/ min  ),  B)  KOH 
concentration  (mole/liter  ).  Partial  gas  pres¬ 
sure  (inatm. );  1)0.1,  2)0.25,  3)0.5, 


tancy  of  the  slope  factor  over  the  whole  range  of  al- 
kaly  concentrations  indicates  that  the  role  of  gas  phase 
resistance  is  negligible  .The  value  of  the  latter  may  be 
determined  from  experimental  data  at  low  partial  pres¬ 
sures  of  CO2.  The  material  flow  rate  through  the  gas 
phase  is  9=(i  (P  — P*).  (3) 

At  low  values  of  P,  absorbent  temperatures 
and  concentrations  corresponding  to  P*  w  0  can  be 
attained.  In  tliis  case  the  absorption  rate  begins  to  be 
determined  exclusively  by  the  gas  phase  resistance, 
and  reaches  its  limiting  value 

‘^lirfr'^P  (4) 

Figs.  7  and  8  show  graphs  for  the  variation  of 
absorption  rate  with  absorbent  concentration  at  var¬ 
ious  gas  partial  pressures  for  stirrer  speeds  of  200  and 
and  450  revolutions/  min.  The  limiting  values  of  the 
absorption  rate  were  determined  by  extrapolation  of 
the  curves  for  P  =  0.10  atm  ,  and  values  of  8  were 
then  found  from  Equation  (4).  6  was  found  to  by 
0.020  mole/ min  •  atm  for  both  speeds.  The  equal 
values  of  6  found  for  these  stirrer  speeds  are  not 
unexpected,  as  an  increase  of  the  stirring  speed  from 
200  to  450  revolutions  /  min  did  not  appreciably 
change  the  state  of  the  free  surface  and  therefore  did 
not  influence  the  degree  of  turbulence  of  the  gas 
phase.  Taki^  H  w  0,040  mole/liter.atm  ,  calcu¬ 
lation  gave  •—  =2.  The  total  resistance  P  + 

at  200  revolutions/ min  was  360  min  /  liter,  and  at 
450  revolutions/  min  ,  240  min  /  liter.  Thus  the 
term  ^  was  indeed  very  small. 

At  a  stirrer  speed  of  850  revolutions/  min  the 
above  method  for  determination  of  0  could  not  be 
used.  An  examination  of  the  experimental  data 
showed  that  in  this  case  Equation  (2  )  could  only 
be  assumed  applicable  at  the  lowest  KOH  concentra¬ 
tions  and  CO2  partial  pressures  of  about  1  atm. 
Substitution  into  Equation  (2  )  of  the  value  of  the 
absorption  rate  at  C  =  0.34  mole/ liter  and  P  =  1  atm 


0.0019 


0.5 . 0.34  4-0.40  •  1 
,  ,  0.040 

'>+-r 
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gave  p  + 


0.04 


100  min/liter.  The  solubility  coefficient  H  was  assumed  equal  to  the  solubility  coefficient 


for  potassium  chloride  solution  of  the  same  concentration  and  temperature. 


For  determination  of  the  coefficient  of  mass  transfer  in  the  gas  phase  at  a  stirrer  speed  of  850  revolutions/ 
min,  special  experiments  were  carried  out  at  high  absorbent  concentration  and  temperature  (C  =  7  moles/liter, 
t  =  57*)*  and  partial  gas  pressure  0.25  atm.  In  these  conditions  it  could  be  assumed  that  P  =0. Calculation  by  means 
of  Equation (4)  gave  3=  0,028  mole/min«atm.  The  coefficients  for  a  stirrer  speed  of  1400  revolutions/ min  was 
determined  similarly.  It  was  found  to  be  0.043  mole/min-atm.Equation  (2)  could  not  be  used  for  determination 
of  the  liquid  phase  resistance  at  1400  revolutions/ min, since  it  is  not  applicable  to  highly  turbulent  systems.  In 
such  cases  it  is  most  convenient  to  determine  p  from  the  rate  of  absorption  in  pure  water,as  when  C=0,  Equation 
(1)  becomes 


HP 


(5) 


and  the  value  of  p  is  found  directly  with  known  q,  H,  P,  and  8.  Determination  of  the  absorption  rate  in  pure 
water  by  direct  measurements  was  not  reliable  in  the  experimental  conditions  used,  as  it  would  be  impossible 
to  avoid  partial  saturation  of  the  water  by  carbon  dioxide  during  preparation  for  the  experiment.  Therefore 
the  absorption  rate  in  pure  water  was  determined  by  extrapolation  of  the  experimental  values  for  the  absorption 
rate  of  COj  by  K2CO3  solutions  to  zero  concentration  of  the  absorbent.  The  experiments  with  K2CO3  were 
carried  out  in  the  same  conditions  as  those  with  KOH;  in  particular,  the  concentrations  and  temperatures  were 
chosen  in  such  a  way  as  to  give  a  constant  viscosity  (1.2  centipoise  ).  The  reason  for  the  use  of  K2CO8  as  ab¬ 
sorbent  was  that  the  rate  of  absorption  of  CO2  by  K2CO8  solutions  changes  little  with  increase  of  electrolyte 
concentration,  thus  making  the  extrapolation  reliable.  In  the  case  of  KOH  the  absorption  rate  rises  sharply 
with  increasing  absorbent  concentration,  and  determination  of  the  absorption  rate  in  pure  water  by  extrapolation 
becomes  difficult.  Calculation  of  p  after  substitution  of  the  value  found  for  pure  water  into  Equation  (5) 


gave  p  =  16  min  /liter. 


0.00280  = 


0.0485  .  1 
„  ,  0.0485 
'’+fro4T 


The  experimental  data  were  then  used  to  determine  the  constants  K  in  Equation  (1  )  for  different  tem¬ 
peratures,  and  to  calculate  the  activation  energy  of  the  reaction  between  CO2  and  hydroxyl  ions.  The  data 
used  for  the  calculations,  and  the  calculated  results,  are  given  in  the  table.  The  original  experimental  data 
in  the  table  were  taken  from  the  graphs  in  Figs.  7,  8,  9  and  10.  The  calculation  procedure  is  illustrated  by 
the  following  example. 

Let  us  determine,  for  example,  the  constant  K  for  15*  at  a  stirrer  speed  of  450  revolutions/  min.  For 
this,  we  first  calculate  the  value  of  the  term  (A  )  in  Equation  (1 ).  Substitution  of  the  appropriate  quantities 
into  this  equation  gives  ‘ 


0.00057=  , 


and  hence  A  =  0.37,  The  known  value  of  A  is  then  used  with  the  aid  of  the  graph  (Fig.  11  )  which  shows  the 
variation  of 

0 

witli  X,  to  find^  mHP*  K  =  1,33.  The  equation  for  mass  transfer  in  the  gas  phase  is  then  used  to  find  P*  • 


•  These  values  of  the  absorbent  concentration  and  temperature  correspond  to  a  viscosity  of  1.2  centipoise. 


and 


Knowing  m,  H,  and  P*  ,  we  find  K: 


0.00057  =  0.02  (0.25  —  P*) 
P*  =0.22 


V2 . 0.044 . 0.22  •  K  =  1 .33 
A  yi  liter/ mole 

The  calculated  results  show  that  Equation  (1 )  is  applicable  to  absorption  of  CO2  by  KOH  solutions.  The 
value  of  K  =  Kg  Ar  ,  in  good  agreement  with  theory,  diminishes  with  increasing  stirring  rate.  Our  average 
value  for  the  activation  energy,  12900  cal  /  mole,  is  in  good  agreement  with  the  results  of  direct  determina¬ 
tions  [11]. 


Calculation  of  the  Activation  Energy  of  the  Reaction  of  CO2  with  KOH 


Stirrer  speed(rpm) 
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15 
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25 
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0.50 

0.00300 

0.140 
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15 

0.044 

0.25 

0.00057 

0.37 

1 

2.50 

25 

0.0215 

0.25 

0.00240 
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15 
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25 
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0.250 
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12000 

12000 

14700 

13400 

12000 
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Analysis  of  the  experimental  data  confirms  our  conclusions  concerning  the  influence  of  hydrodynamic 
conditions  on  the  kinetic  realtionships  of  the  process.  The  investigation  showed  that  in  conditions  of  low  tur¬ 
bulence  of  the  liquid  phase  the  influence  of  the  partial  pressure  of  the  absorbed  gas  on  tlie  kinetics  of  the  pro¬ 
cess  is  considerably  less  than  in  high  turbulence  conditions.  If  the  process  is  carried  out  with  weak  agitation 
of  the  liquid  phase,  especially  if  the  absorbent  concentration  is  not  high,  increase  of  the  CO2  concentration  in 
the  gas  cannot  serve  as  a  means  for  accelerating  the  process.  Since  in  such  cases  Equation  (2 )  describes  the 
kinetics  of  the  process,  the  principal  kinetic  factor  will  be  the  absorbent  concentration.  The  influence  of  tem¬ 
perature  will  be  manifested  only  in  changes  of  the  hydrodynamic  conditions  (value  of  p  )  caused  by  changes 
in  the  viscosity  which  depends  on  the  temperature.  If  the  process  is  effected  with  vigorous  stirring,  the  partial 
pressure  of  the  absorbed  gas  becomes  the  most  important  factor.  In  these  conditions,  as  was  shown  by  our  ex¬ 
periments  (Fig.  5  ),  the  absorption  rate  is  proportional  to  the  partial  pressure  of  tlie  gas  at  all  absorbent  con¬ 
centrations.  This  result  is  in  full  agreement  witli  theory.  The  constant  K  (=  Kg  Ar  ),  and  therefore  die  ex¬ 
pression  ^/mHP  K  decreases  with  decrease  of  the  surface  layer  renewal  time  A  r.  At  low  values  or\|mHP*  K 
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Equation  (1),  after  resolution  of  the  exponential  expressions  into  series  and  omission  of  nonlinear  terms,  takes 
the  form 


q  — 


HP  (KC-^\) 


(6) 


Fig.  9.  Variation  of  CO2  absorption  rate  with 
KOH  concentration  at  850  revolutions/  min, 

A)  Absorption  rate  (mole/ min),  B)  KOH 
concentration  ( mole/  liter) . 

Partial  gas  pressures  (in  atm  ):  1)0.25,  2)0.5. 


Fig,  11,  Variation  of  the  value  of  I—H—  f  ev^dy 
with  X  .  *  0 


0 


Fig.lO.  Variation  of  COj  absorption  rate  with 
KOH  concentration  at  1400  revolutions/  min 
and  partial  gas  pressure  0.5  atm, 

A)  Absorption  rate  (mole/ min),  B)  KOH  con¬ 
centration  (mole/ liter), 

i.e„  the  absorption  rate  becomes  proportional  to  the 
partial  pressure.  A  comparison  of  Equations  (6  )  and 
(2  )  shows  that  with  vigorous  agitation  of  the  liquid 
phase  the  absorbent  concentration  has  less  effect  on 
the  absorption  rate  than  under  weak  agitation  condi¬ 
tions.  The  absorbent  temperature  influences  the  ab¬ 
sorption  rate  not  only  through  changes  in  the  hydro - 
dynamic  conditions,  but  also  through  the  constant  K 
and  the  solubility  coefficient  H.  The  constant  K, 
which  is  proportional  to  the  rate  constant  for  the 
chemical  reaction,  increases  with  temperature,  while 
the  solubility  coefficient  H  decreases.  Since  the  in¬ 
crease  of  the  chemical  reaction  of  the  rate  constant  is 
more  rapid  than  the  solubility  decrease,  temperature 
increase  in  the  case  of  rapid  reactions  (KC  »  1  ) 
is  a  positive  factor. 

SUMMARY 

1 .  A  study  of  the  kinetics  of  absorption  of 
COj  by  KOH  solutions  at  various  blade  stirrer  speeds 
showed  good  agreement  between  the  experimental  re¬ 
sults  and  Equation  (1 ). 

2.  It  is  shown  that  hydrodynamic  conditions 
have  a  significant  influence  on  the  kinetic  relation¬ 
ships  in  the  absorption  of  CO2  by  KOH  solutions. 
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ACCELERATION  OF  THE  DECOMPOSITION  OF  ALUMINATE  SOLUTIONS 
BY  ADDITIONS  OF  ALUMINUM  HYDROXIDES  AND  OXIDES 

S.I.  Kuznetsov,  O.V.  Serebrennikova,  and  K.V.  Kakovskaya 
The  S.M.  Kirov  Polytechnic  Institute,  Urals 


For  elucidation  of  the  nature  of  the  decomposition  process,  a  question  of  great  interest  is  which  additions 
are  able  to  accelerate  the  spontaneous  decomposition  of  aluminate  solutions. 

It  is  known  from  the  literature  that  decomposition  can  be  accelerated  considerably  by  various  additions; 
hydrargillite.bayerite  [1],  and  crystalline  salts  of  aluminum  [2].  Other  accelerators  are  being  sought. 

The  most  detailed  investigation  of  this  question  was  carried  out  by  Brigge  and  Ginsberg  [3].  The  seeding 
additives  used,  in  addition  to  hydrargillite,  were  boehmite  and  y -alumina,  obtained  both  by  the  action  of  heat 
on  hydrargillite  and  by  other  methods.  For  example,  boehmite  was  also  prepared  by  decomposition  of  aluminate 
solutions  supersaturated  with  respect  to  it,  and  y -alumina  was  obtained  by  the  action  of  heat  on  the  boehmite 
so  obtained.  In  some  cases  bauxites  of  different  mineralogical  composition  were  used  for  seeding.  The  seeding 
ratio  was  high,  2.25.  The  original  aluminate  solution  contained  135-140  g  Na20  and  120  g  AI2OS  per  liter.  The 
caustic  ratio  was  1.85-1.95.  The  seeded  solutions  were  stirred  at  55'  for  10  hours. 

According  to  Brigge  and  Ginsberg’s  results,  the  highest  decomposition  rate  is  obtained  with  additions  of 
hydrargillite  and  hydrargillite  bauxites.  Boehmite  and  y -alumina  obtained  by  the  action  of  heat  on  hydrar¬ 
gillite  have  a  certain,  though  low,  seeding  effect.  Boehmite  obtained  from  aluminate  solutions  and  formed 
by  the  action  of  heat  on  the  latter,  y  -alumina,  and  boehmite  bauxites  do  not  bring  about  decomposition  of 
aluminate  solutions, 

Brigge  and  Ginsberg  concluded  on  the  basis  of  their  results  that  only  hydrargillite  can  accelerate  the  de¬ 
composition  of  aluminate  solutions.  The  certain  seeding  effects  of  boehmite  and  y  -alumina  made  by  the  ac¬ 
tion  of  heat  on  hydrargillite  were  attributed  to  partial  retention  of  the  hydrargillite  structure  during  rapid  heat¬ 
ing.  This  is  confirmed  by  Achenbach’s  experiments  [4]  in  which  it  was  found  that  boehmite  made  by  thermal 
decomposition  of  hydrargillite  completely  retains  the  external  crystalline  form  of  the  starting  materials.  When 
boehmite  or  y -alumina  are  added  to  aluminate  solutions,  the  "structural  hydrargillite  residues"  absorb  water  to 
form  hydrargillite;  this  explains  their  seeding  effect. 

The  above  conclusions  reached  by  Brigge  and  Ginsberg  are  of  great  interest  in  relation  to  the  nature  of 
the  decomposition  of  aluminate  solutions.  To  verify  them,  we  carried  out  a  series  of  experiments  by  a  similar 
method,  but  under  somewhat  different  conditions.  Lower  seeding  ratios;  0,01,  0.1  and  1.0,  were  used  in  our 
experiments. 

The  range  of  additives  was  rather  wider  than  in  Brigge  and  Ginsberg's  experiments.  Hydrargillite,  boeh¬ 
mite,  diaspore  y -alumina,  and  corundum  were  used.  Hydrargillite  was  prepared  by  decomposition  of  aluminate 
solutions,  Boehmite  was  prepared  in  two  different  ways.  Boehmite  made  by  the  action  of  heat  on  hydrargillite 
for  3  hours,  and  also  boehmite  made  from  hydrargillite  held  at  300*  for  8  hours  in  a  hydrothermal  bomb,  were 
used. 

Diaspore  was  obtained  from  boehmite  by  the  Laubengayer  and  Weisz  method  [5]  •  . 

*  Boehmite  and  diaspore  were  prepared  at  our  request  by  V.S.  Krylov,  student  of  the  Urals  Branch  of  the 
Acad.  Sci.  USSR 
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Alumina,  like  boehmite,  is  prepared  by  two  methods;  by  heating  hydrargillite  at  700*  for  3  hours,  and  by 
heating  boehmite  obtained  hydrothermally,  under  the  same  conditions. 

Corundum  was  prepared  by  calcination  of  hydrargillite  and  diaspore  at  1200*  for  3  hours. 

The  original  aluminate  solution  contained  133-135  g  total  NajO  and  127-132.5  g  AljOs  per  liter;  the 
caustic  ratio  was  1.66-1.70. 

The  aluminate  solutions  with  various  seeding  additions  were  agitated  at  30  and  60*  in  glass  flasks  placed 
in  an  agitation  air  thermostat,  by  "somersaulting"  rotation.  Samples  were  taken  after  6,  12,  24,  48,  and  72  hours. 

Effect  of  Additions  of  Aluminum  Hydroxides  and  Oxides  on  the  Decomposition  Rate 
of  Aluminate  Solutions 

Agitation  Degree  of  decomposition  of  aluminate  sol.( <70)31  seeding  ratio: 


time 

(hours) 

1 - - - - 

0.01 

1  0-1  1 

1.0 

temperature  (deg): 

30  1 

60 

1  30  1 

60  1 

30  1 

60 

Seeded  with  hydrarg 

illite 

6 

0.0 

0.0 

0.0 

0.0 

20.0 

14.4 

12 

0.0 

0.0 

0.0 

8.0 

35.1 

33.3 

24 

0.0 

0.0 

4.4 

16.0 

43.5 

40.8 

48 

1  0.0 

0.0 

14.7 

33.8 

48.8 

46.2 

72 

1  0.0 

0.0 

38.3 

33.8 

1  61.0 

47.2 

Seeded 

with  boehmite 

made  by 

he  a  t  i  n  j 

2  hydrargillite 

at  300 

CO 

0 

• 

lours 

6 

_ 

0.0 

0.0 

1.44 

17.4 

12 

_ 

— 

0.0 

7.2 

7.23 

31.7 

24 

_ 

— 

0.0 

39.6 

38.1 

38.3 

48 

_ 

— 

18.9 

41.0 

54.1 

37.0 

72 

j  — 

— 

46.3 

44.7 

57.7 

44.1 

Seeded  with  boehmite  made  in  a  hydrothermal  bomb 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

40.5 

13.0 

0.0 

30.3 

0.0 

47.3 

29.8 

Seeded 

with  diaspore 

6 

0.0 

0,0 

0.0 

0.0 

0.0 

12 

0.0 

0.0 

0.0 

0.0 

0.0 

24 

0.0 

0.0 

0.0 

0.0 

0.0 

48 

0.0 

0.0 

0.0 

0.0 

0.0 

72 

0.0 

0.0 

0.0 

0.0 

0.0 

Seeded  withy  “alumina  made  by  heating  boehmite 
(prepared  in  a  hydrothermal  bomb)  at  700®  for  3  hours 


6 

0.0 

0.0 

0.0 

0.0 

0.0 

12 

0.0 

0.0 

0.0 

2.27 

0.0 

24 

0.0 

0.0 

0.0 

5.5 

6.0 

48 

2.26 

1.99 

10.8 

41.5 

34.8 

72 

34.8 

20.0 

26.2 

43.0 

The  results  are  given  in  tlie  table.  They  indicate  that  different  oxides  and  hydroxides  of  alumina  have 
different  seeding  effects.  The  most  rapid  decomposition  of  aluminate  solutions  at  30*  occurs  with  the  addition 
of  hydrargillite.  Boehmite  and  y  -alumina  made  by  heating  hydrargillite  are  less  effective.  In  contrast  to  Brigge 
and  Ginsberg's  results,  we  found  that  well -crystallized  boehmite  made  in  the  hydrothermal  bomb  and  y -alumina 
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made  by  heating  this  boehmite  also  accelerate  the  decomposition  of  aluminate  solution,  but  to  a  smaller  extent. 
It  was  found  that  at  a  seeding  ratio  of  1.0  corundum  mahe  by  calcination  of  hydrargillite  also  has  a  seeding  ef¬ 
fect  after  two  days  of  agitation.  Diaspore  and  corundum  made  from  it  by  calcination  do  not  cause  decomposition 
of  aluminate  solutions  in  72  hours. 


The  action  of  all  the  compounds  which  exert  a  seeding  effect,  with  the  exception  of  hydrargillite,  is 
characterized  at  a  seeding  ratio  of  1.0  by  an  induction  period,  the  length  of  which  depends  on  die  method  of 
preparing  the  seeding  compound.  The  induction  period  is  shorter  for  the  thermal  decomposition  products  of 
hydrargillite  than  for  the  substances  made  by  other  methods.  A  some  what  similar  situation  is  found  at  a  seeding 
ratio  of  0.1,  However,  in  this  case  an  induction  period  is  found  for  all  the  additives,  and  its  duration  is  con¬ 
siderably  greater.  At  seeding  ratio  0.01  none  of  the  compounds  used  produces  any  appreciable  decomposition 
of  aluminate  solutions. 

When  the  temperature  is  raised  to  60*,  the  induction  period  for  substances  which  exert  an  appreciable 
seeding  effect  becomes  considerably  shorter,  and  as  a  result  the  degree  of  decomposition  of  aluminate  solutions 
is  greater  than  at  30*  for  the  various  nonhydrargillite  additions.  The  decrease  of  the  induction  period  is  par¬ 
ticularly  prominent  at  0  JL  seeding  ratio.  In  this  case  boehmite  made  by  the  hydrothermal  method,  and  corundum 
made  from  hydrargillite,  both  begin  to  exert  a  seeding  effect  after  24-48  hours,  which  was  not  the  case  at  30*. 

In  some  instances  appreciable  decomposition  of  aluminate  solutions  occurs  even  at  seeding  ratio  0.01. 


Fig.  1.  X-ray  diagram  of  y  -alumina  made  by  calcination  of  hydrargillite  at  700* 
for  2  hours. 
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Fig.  2,  X-ray  diagram  of  aluminum  hydroxide  formed  during  decomposition  of 
aluminate  solution  for  72  hours  with  addition  of  y  -alumina  (seeding  ratio  0.13  ). 


The  data  in  the  table  show  that  at  60*  the  seeding  effect  of  some  of  the  compounds  approaches  that  of 
hydrargillite. 


Thus,  our  experimental  results  show  that  the  highest  seeding  activity  is  found  in  hydrargillite  and  in 
aluminum  hydroxide  and  oxide  made  from  it  by  calcination,  in  full  agreement  with  Brigge  and  Ginsberg's  data. 


To  verify  their  conclusions  concerning  the  causes  of  the  high  seeding  effects  of  the  thermal  decomposition 
products  of  hydrargillite j  we  obtained  X-ray  diagrams  of  these  compounds.  Fig.  1  shows  the  X-ray  diagram  of 
y  -alumina  made  by  calcination  of  hydrargillite  at  700*  for  2  hours.  This  diagram  shows  that  no  appreciable 
amounts  of  hydrargillite  remain  in  the  y  -alumina.  The  content,  in  any  event,  does  not  exceed  3<yo.  This  con¬ 
tent  of  hydrargillite  stmctural  residues  cannot  be  the  cause  of  the  high  seeding  power  of  y  -alumina. 

In  order  to  determine  these  causes,  the  precipitates  formed  during  decomposition  by  the  action  of  boehmite 
and  y  -alumina. additions,  were  examined  by  the  methods  of  optical  crystallography*  .  No  particles  of  boehrrtite 
of  y  -alumina  were  found  in  any  of  the  precipitates.  They  consisted  entirely  of  hydrargillite. 


Fig.  2  shows  the  X-ray  diagram  of  aluminum  hydroxide  precipitated  in  72  hours  under  the  action  of  added 
y  -alumina  (seeding  ratio  0.13 );  no  y  -alumina  lines  can  be  seen.  Therefore  boehmite  and  y -alumina  are 
completely  converted  into  hydrargillite  in  the  course  of  decomposition.  This  conversion  is  considerably  accel¬ 
erated  in  presence  of  alkali. 


Thus,  the  seeding  activity  of  boehmite  and  y  -alumina  is  explained  by  their  thermodynamic  instability 
and  their  ability  to  pass  into  hydrargillite  during  decomposition  of  aluminates. 

The  conversion  rate  of  well -crystallized  boehmite  is  lower  than  that  of  boehmite  obtained  from  hydrargillite 
by  rapid  heating.Therefoas  when  the  former  is  used  for  seeding  the  induction  period  is  considerably  longer  than  with  the 
latter.The  seeding  activity  of  y-alumina  made  by  calcination  of  well-crystallized  boehmite  is  approximately  the  same 
asthatofthe  alumina  made  from  hydrargillite.  The  reason  is  that  y-alumina,irrespectiveof  the  method  by  which  it  is 
made, is  a  highly  unstable  substance  which  passes  fairly  rapidly  intestable  compounds,  and  therefore  does  not  occur 
naturally.  For  the  same  reason  bayerite  has  good  seeding  activity  [1]. 

The  absence  of  seeding  activity  in  diaspore,  also  a  thermodynamically  unstable  compound  [6]  is  explained 
by  the  very  low  rate  of  its  conversion  into  hydr-argillite  at  low  temperatures.  It  is  therefore  no  accident  that 
prior  to  Roy  and  Osborn’s  experiments  [6]  diaspore  was  regarded  as  a  compound  stable  'at  low  temperatures.  The 
same  may  be  said  of  corundum  made  by  calcination  of  diaspore.  The  certain  seeding  activity  found  in  corundum 
made  from  hydargillite  is  probably  caused  by  tire  presence  of  small  amounts  of  y  -alumina,  which  can  pass  into 
hydrargillite  and  thus  accelerate  decomposition  of  aluminate  solutions.  No  y  -alumina  is  present  in  corundum 
made  from  diaspore,  as  diaspore  passes  into  comndum  on  heating  without  passing  through  y  -alumina. 

Thus  the  decomposition  of  aluminate  solutions  can  be  accelerated  only  by  means  of  hydrargillite  and 
thermodynamically  unstable  hydroxides  and  oxides  of  aluminum  which  can  be  converted  fairly  rapidly  into  it 
in  the  decomposition  conditions.  The  seeding  activity  of  these  compounds  is  determined  by  the  rate  of  their 
conversion  into  hydrargillite. 

The  experimental  results  indicate  also  that  the  probability  of  spontaneous  formation  of  hydrargillate  nuclei 
in  aluminate  solutions  of  the  type  used  for  decomposition  is  very  low.  This  conclusion  is  supported  by  the  fact 
that  when  such  aluminate  solutions  are  agitated  without  seeding  they  donfft  decompose  for  long  periods,  several 
times  as  long  as  the  usual  decomposition  time. 

The  low  probability  of  spontaneous  formation  of  crystallization  centers  is  explained  by  the  high  value  of 
the  work  of  formation  of  hydrargillite  nuclei  of  critical  size.  This  is  shown  by  the  high  value  of  the  interfacial 
tension  at  the  hydrargillite -aluminate  solution  interface,  1250  ergs/ cm*  pL]. 

•  The  crystallographic  analysis  was  performed  by  M.F,  Kompaneets  at  our  request. 
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It  should  be  pointed  out  tliat  the  conclusion  concerning  the  high  stability  of  aluminate  solutions  toward 
spontaneous  crystallization  docs  not  apply  to  solutions  of  low  caustic  ratios,  close  to  unity, 

SUMMARY 

.1.  It  is  shown  that  only  hydrargillite  and  thermodynamically  unstable  aluminum  hydroxides  and  oxides 
which  are  converted  into  it  under  the  decomposition  conditions  are  capable  of  accelerating  the  decomposition 
of  aluminate  solutions, 

2,  It  is  shown  that  the  probability  of  spontaneous  formation  of  crystallization  centers  during  the  decom¬ 
position  process  is  very  low,  which  is  explained  by  the  high  value  of  the  work  of  formation  of  hydrargillite 
nuclei  of  critical  size. 
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ISOBARIC  LIQUID-VAPOR  EQUILIBRIUM  IN  A  TERNARY  SYSTEM 
WITH  AN  AZEOTROPE  OF  THE  SADDLEPOINT  TYPE* 


I.N.  Bushmakin  and  I.N.  Kish 


The  A  A,  Zhadanov  State  University,  Leningrad 


As  is  known,  one  of  the  most  important  differences  between  a  multicomponent  and  a  binary  system  from 
the  thermodynamical  standpoint  lies  in  the  variety  of  ways  in  which  the  compositon  of  the  former  may  be  varied. 
Among  these  methods,  variation  of  the  composition  of  a  solution  by  open  evaporation  occupies  a  special  posi¬ 
tion. 

Curves  which,  in  a  Gibbs  triangle,  represent  the  change  of  composition  of  a  ternary  solution  in  open  eva¬ 
poration  are  generally  termed,  by  Schreine makers’  nomenclature,  "distillation  linesr  Schreinemakers  establish¬ 
ed  the  following  relationship  for  the  variation  of  tlie  mole  fraction  of  any  solution  component  in  open  evapora¬ 
tion: 

=  (1) 


where  x  '  is  the  mole  fraction  of  the  i-th  component  in  the  solution;  x  *  is  the  corresponding  fraction  in 

the  vapor;  dm  '*  is  an  infinitesimal  quantity  of  the  vapor  phase  in  the  given  evaporation  conditions. 

If  we  apply  (1 )  to  two  different  components  of  a  ternary  system  and  divide  one  of  the  expressions  by  the 
other,  we  obtain  a  differential  equation  for  the  distillation  lines; 


where  the  subscript  p  indicates  that  the  evaporation  occurs  under  isobaric  conditions. 

For  each  distillation  line  tliere  is  a  "vapor  line"  which  represents  the  variation  of  the  vapor  composition 
in  open  evaporation.  The  straight  lines  joining  corresponding  points  on  the  distillation  and  vapor  lines  or,  in 
other  words,  equilibrium  compositions  of  solution  and  vapor  (nodes )  are  tangents  to  the  distillation  lines.  There¬ 
fore  each  vapor  line  is  always  on  the  convex  side  of  the  corresponding  distillation  line. 

The  van  der  Waals-Storonkin  differential  equation  [2]  for  the  coexistence  of  phases  in  multicomponent 
systems  has  die  following  form: 


it=i 


<=i 


(3) 


*  Communication  I  in  the  series  on  distillation  and  rectification  processes  in  ternary  systems. 


205 


»ll2 


<=i 


Here  v  is  the  molar  volume,  £  is  the  pressure,  T  is  the  absolute  temperature,  tj  is  the  molar  entropy, 

Z  is  tire  molar  Gibbs  thermodynamic  potential,  and  n  is  the  number  of  components. 

Substitution  of  ( 1 )  into  Equation  ( 3  )  gives  the  equation  for  the  curves  corresponding  to  the  distillation 
lines  on  the  pressure  surfaces  (at  constant  T  )  or  tire  temperature  surfaces  (at  constant  p  )  for  phase  coexistence 

,  =  const.  =  2  2  4") ?«<"""’•  *■*'> 

»=i  k=i 


The  theory  of  evaporation  of  ternary  systems  is  based  on  the  distillation-line  concept.  Experimental  de¬ 
terminations  of  the  course  of  these  lines  are  theoretically  important.  In  most  of  the  papers  so  far  published  in 
liquid -vapor  equilibria  in  ternary  systems,  direct  experimental  determinations  of  the  course  of  the  distillation 
lines  are  lacking. 

The  purpose  of  the  present  investigation  is  to  clarify  some  unsolved  problems  in  the  theory  of  distillation 
and  rectification  of  ternary  systems.  This  paper  presents  data  on  the  positions  of  the  isotherm-isobars  for  the 
liquid  and  vapor  phases,  the  course  of  the  distillation  lines,  and  liquid -vapor  equilibria  along  these  lines. 

The  system  metiiyl  acetate-chloroform-methanol  was  chosen  for  the  investigation.  The  main  reason  for 
this  choice  was  that  the  corresponding  binary  systems  have  azeotropes  both  with  minimum  and  with  maximum 
boiling  points,  and,  as  preliminary  experiments  showed,  tlie  system  also  has  a  ternary  azeotrope  of  the  saddle - 
point  type.  Therefore  this  system  can  be  expected  to  exhibit  a  great  variety  of  peculiarities  of  homogeneous 
ternary  systems. 

EXPERIMENTAL 

Materials.  The  methanol  was  "technical*  grade,  purified  by  rectification  through  a  column  with 
glass  packing,  with  50  theoretical  plates  (based  on  the  system  benzene-carbon  tetrachloride). 

Chloroform  was  washed  with  concentrated  sulfuric  acid,  then  with  dilute  sodium  bicarbonate  solution, 
and  water.  After  drying  over  CaClj,  it  was  rectified  through  a  column  with  25  theoretical  plates. 

Methyl  acetate  was  synthesized  from  glacial  acetic  acid  and  methanol  by  the  usual  method  [3],  purified 
by  washing  with  sodium  carbonate  solution  and  water,  dried  over  CaCl2,  and  rectified  through  a  column  (50 
theoretical  plates ). 

The  physical  constants  of  the  purified  substances  are  given  in  Table  1. 


TABLE  1 

Physical  Constants  of  the  Purified  Substances 


Substance 

«20 

HI 

Boiling  point 
(760  mm) 

Methanol 

1.3289 

0.7915 

64.57 

Chloroform 

1.4461 

1.48907 

61.22 

Methyl  acetate 

1.3614 

0.9272 

56.80 

Method  of  analysis.  Ternary  solutions  are  usually  most  conveniently  analyzed  by  a  physicochemical 
method,  based  on  determinations  of  two  physical  properties  of  the  solutions  to  be  analyzed.  For  successful 
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analysis,  tlie  values  of  the  physical  properties  determined  should  satisfy  the  following  two  conditions:  1)  there 
should  be  a  fairly  large  difference  between  the  values  of  the  given  physical  property  for  the  individual  compo¬ 
nents,  or  at  least  a  fairly  large  difference  between  its  value  for  one  of  the  components  and  its  values  for  the  other 
two  components;  2)  in  the  direction  of  composition  variation  in  which  the  value  of  one  of  the  physical  proper¬ 
ties  remains  constant,  the  value  of  the  other  property  should  change  sharply  (i.e.,  the  plotted  Isolines"  for  the 
physical  properties  determined  should  intersect  at  an  angle  close  to  90"). 


U989 


Chloroform  (molar  %) 


Fig.  1.  Lines  for  compositions  with  equal 
®  20 

values  of  n^^  (1 )  and  with  equal  values 
of  efs  (2). 

For  the  system  in  question,  these  conditions  are  well  satisfied  by  determinations  of  the  refractive  index 
and  dielectric  constant. 

The  refractive  index  was  measured  by  means  of  an  Abbe  refractometer  (Hilger),  and  the  dielectric  cons¬ 
tant  was  measured  by  means  of  a  specially  designed  dielectric  constant  meter  working  on  the  resonance  principle 
at  a  wave  length  of  25  m.  The  error  in  the  refractive  index  determinations  was  ±1  •  10"^  units,  and  the  average 
error  in  the  dielectric  constant  determinations  was  ±  0.03  units  in  the  range  of  1  to  13  units,  and  ±0,1  units  in 
the  range  of  13  to  26  units. 

These  properties  were  determined  for  about  200  artificial  binary  and  ternary  solutions,  and  lines  for  com¬ 
positions  with  constant  values  of  n^  and  with  constant  values  of  m  (isolines )  were  plotted  with  the  aid 
of  graphical  interpolation  (Fig,l), 

The  isoline  diagram  shows  that  the  analytical  error  varied  in  different  regions  of  the  composition  triangle, 
but  it  was  in  general  less  than  1  molar  %  of  any  of  the  components. 

Boiling  point  determinations.  Boiling  points  were  determined  by  means  of  an  apparatus  of  the  Swietoslawski 
ebulliometer  type  [4], 

The  apparatus  was  connected  to  a  manostat  and  manometer,  and  all  the  determinations  were  made  at  a 
pressure  of  760  ±  0,2  mm  Hg.  The  thermometers  had  0,1*  scale  divisions  and  were  calibrated  against  a  "Boden" 
thermometer.  The  error  in  the  boiling  point  determinations  was  ±  0,02*. 

Determinations  of  Liquid-vapor  equilibria  and  of  the  course  of  the  distillation  lines.  Liquid -vapor  equi¬ 
libria  in  binary  systems  were  determined  by  means  of  a  single  evaporation  apparatus  described  previously  [5], 

The  results  were  verified  by  plotting  values  of  a  (relative  volatility  of  the  more  volatile  to  the  less 
volatile  component )  against  the  concentration  of  the  more  volatile  component  in  the  solution, 

A  new  apparatus  shown  in  Fig,  2,  was  used  for  determination  of  the  course  of  the  distillation  lines  and  of 
the  boiling  points  and  liquid-vapor  equilibria  from  these  lines  for  a  ternary  system. 


This  apparatus  is  used  as  follows,  A  solution 
with  composition  close  to  the  initial  point  of  one  of 
the  distillation  lines  is  sucked  into  the  still  through  the 
stopcock  Sg.  The  equilibrium  liquid  and  vapor  com¬ 
positions  are  determined  as  with  the  apparatus  previous¬ 
ly  described  [5],  The  course  of  the  distillation  line  is 
then  investigated.  For  this  the  stopcock  is  closed  and 
distillate  is  boiled  away  at  a  constant  rate .  The  distil¬ 
late  is  collected  in  the  trap.  The  composition  of  the 
solution  in  the  still  varies  along  the  distillation  line. 
After  a  good  quantity  of  distilllate  has  been  collected 
in  the  trap,  it  is  run  off  through  the  stopcock  S^,  the 
liquid  -vapor  equilibrium  is  again  determined,  etc. 
When  little  liquid  remains  in  the  still,  the  experiment 
is  interrupted,  a  solution  of  the  composition  already 
present  in  it  is  sucked  into  the  cooled  still,  and  the 
experiment  is  continued.  The  boiling  point  is  record¬ 
ed  each  time  before  samples  of  liquid  and  distil¬ 
late  are  taken. 

As  is  shown  in  Figure  2,  the  apparatus  is 
Fig,  2,  Apparatus  for  simultaneous  heat -insulated,  which  decreases  steam  condensa- 

determination  of  the  course  of  the  tion  in  the  steam  jacket, 

distillation  lines,  and  of  liquid -vapor 
equilibria  and  boiling  points  from 

these  lines.  The  literature  data  on  binary  azeotrope  com- 

Explanation  in  text,  positions  were  checked  by  means  of  a  rectification 

column  with  25  theoretical  plates.  The  azeotrope  was 
reached  from  two  sides  -with  initial  contents  of  the  more  volatile  component  in  the  still  higher  and  lower  than 
in  the  azeotrope.  The  concentrations  were  determined  refractometrically,  by  differential  readings  on  the 
i’ulfrich  refractometer  scale,  to  an  accuracy  of  ±1  •  10"®  n®  . 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 


B  i  n a ry  Syste m s 

Methanol-chloroform,  Our  data  (Table  2,  Fig,  3  )  differ  from  Tyrer’s  data  [6]  and  are  very  close  to 
Lang’s  data  [7],  The  exact  composition  of  the  azeotropic  solution  (at  760  mm  Hg )  was  65,35  molar  chloro¬ 
form,  tjj  =  53,36*, 

Methanol-methyl  acetate.  Our  data  almost  coincide  with  those  of  Crawford  et  al,  [8],  The  azeotropic 
solution  contains  65,0  molar  ojo  methyl  acetate,  tb  =  53,76*, 

Chloroform-methyl  acetate.  As  far  as  we  know,  liquid -vapor  equilibria  in  this  system  have  not  been 
studied.  It  is  reported  in  the  literature  that  the  system  has  an  azeotrope  with  a  boiling  point  maximum  (Ryland 
[9],  Robinson  [10]),  According  to  our  data,  the  azeotropic  solution  contains  35.65  molar  %  methyl  acetate, 
tb  =  64,74". 

For  convenient  use  of  our  data.  Table  3  gives  values  of  a  determined  by  graphical  interpolation  from 
tlie  a -concentration  graph. 

Ternary  System 

Liquid-vapor  coexistence  temperature  surfaces.  The  results  of  boiling  point  determinations  for  binary  and 
ternary  solutions  are  given  in  Table  4,  Liquid  phase  isobar-isotherms  based  on  these  data  were  plotted  by  means 
of  graphical  interpolation  (Fig.  4,  A  ).  The  iso  bar -isotherms  for  the  vapor  phase  were  also  obtained  by  inter¬ 
polation,  based  on  liquid -vapor  equilibrium  data  (Fig.  4,  B  ).  The  positions  of  the  isobar-isotherms  show  that 
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the  surface  contains  a  ridge  running  from  the  chloroform-methyl  acetate  azeotrope  (64,74*)  to  the  summit 
corresponding  to  methanol  (64.57*),  and  also  a  trough  running  from  die  methanol -methyl  acetate  azeotrope  point 
(53,76*)  to  the  methanol -chloroform  azeotropic  point  (53.36*),  There  is  a  " saddlepoint*  (56.42*)  at  the  inter¬ 
section  of  the  ridge  and  tlie  trough.  Its  composition, determined  by  rectification  experiments,  was  (in  molar  <7c): 
methyl  acetate  25.0,  chloroform  29.2,  methanol  45,8. 

TABLE  2 

Liquid— Vapor  Equilibria  in  Binary  Systems,  p=  760  mm 


Methanol -chloroform  | 

Methanol  -  methyl  acetate! 

Chloroform -methyl  acetate 

Chloroform  concen 
tration  (molar%) 

a 

Methyl  acetate 
concentration 
f  molar  o/n) 

Methyl  acetate 
concentration 
Tmolar  <yo) 

a 

liquid 

vapor 

liquid 

vapor 

liquid 

vapor 

2.1 

5.6 

2.76 

6.5 

16.9 

2.94 

3.4 

2.1 

0.61 

5.5 

13.7 

2.72 

8.0 

20.3 

2.93 

10.9 

7.4 

0.65 

9.6 

22.0 

2.69 

10.0 

24.3 

2.89 

11.5 

8.0 

0.67 

11.1 

25.0 

2.67 

11.7 

26.6 

2.74 

20.1 

16.3 

0.78 

11.6 

25.8 

2.65 

19.8 

37.3 

2.40 

24.6 

21.2 

0.83 

18.3 

36.1 

2.62 

24.2 

41.8 

2.25 

26.0 

23.2 

0.86 

24.8 

43.6 

2.34 

42.7 

62.7 

1.60 

48.1 

52.5 

1.19 

30.4 

48.6 

2.16 

43.3 

52.9 

1.47 

49.7 

54.6 

1.21 

37.3 

63.7 

1.95 

55.8 

60.2 

1.20 

49.8 

54.8 

1.22 

40.9 

55.8 

1.82 

60.7 

63.5 

1.13 

58.5 

65.6 

1.34 

46.9 

68.7 

1.61 

77.8 

73.2 

0.78 

59.8 

67.2 

1.38 

52.0 

61.1 

1.45 

78.7 

74.2 

0.78 

60.8 

68.4 

1.40 

56.2 

62.2 

1.28 

•84.0 

79.1 

0.72 

76.6 

84.2 

1.63 

69.4 

63.4 

1.18 

87.7 

82.6 

0.67 

77.2 

84.8 

1.66 

63.7 

64.8 

1.05 

88.8 

83.3 

0.63 

92.5 

95.6 

1.76 

70.0 

66.6 

0.86 

94.4 

90.5 

0.67 

92.6 

95.6 

1.74 

72.8 

67.1 

0.76 

94.7 

90.9 

0.56 

93.1 

96.0 

1.78 

77.5 

68.6 

0.64 

95.3 

97.3 

1.80 

83.4 

71.3 

0.49 

86.0 

72.7 

0.47 

87.8 

74.6 

0.41 

90.1 

77.5 

0.38 

94.1 

82.6 

0.30 

98.8 

95.8 

0.28 

TABLE  3 

Values  of  a  Obtained  by  Interpolation  from  the  a -Concentration  Curve, p=:  760  mm 


Contents  of 
chloroform 
(/)  or  me¬ 
thyl  acetate 

in  molar  %) 

Values  of  a  for  systems 

Contents  of 
chloroform 
or  me¬ 
thyl  acetate 

(8,-V) 

in  molar  %) 

Values  of  “  for  systems 

metha¬ 

nol-chlo¬ 

roform 

methanol 

-methyl 

acetate 

chloro- 

form-me 

thyl 

acetate 

methanol 

-chloro¬ 

form 

methanol 

-methyl 

acetate 

chloroform - 

methyl 

acetate 

5 

2.74 

2.96 

0.62 

55 

1.33 

1.21 

1.30 

10 

2.68 

2.86 

0.65 

60 

1.16 

1.10 

1.39 

15 

2.60 

2.65 

0.70 

65 

1.01 

1.00 

1.47 

20 

2.47 

2.43 

0.77 

70 

0.85 

0.92 

1.55 

25 

2.33 

2.21 

0.85 

76 

0.70 

0.83 

1.61 

30 

2.17 

1.98 

0,92 

80 

0.58 

0.76 

1.67 

35 

2.01 

1.77 

0.99 

85 

0.46 

0.69 

1.71 

40 

1.85 

1.57 

1.06 

90 

0.36 

0.62 

1.75 

45 

1.67 

1.43 

1.14 

95 

0.30 

0.56 

1.78 

60 

1.50 

1.32 

1.22 

209 


Fig.  3.  Variation  of  a  with  the  con¬ 
centration  of  the  more  volatile  com¬ 
ponent  in  the  liquid  in  binary  systems. 
A)  Relative  volatility  a,  B)  concen¬ 
tration  of  more  volatile  component. 
Systems:  1)  methanol -chloroform, 

2)  methanol -methyl  acetate,  3)  chlo¬ 
roform-methyl  acetate. 

Data;  a,  c)  ours;  b)  Lang  [7];  d) 
Crawford  et  al  ,  [8]. 


As  is  known,  a  saddlepoint  on  liquid-vapor  phase 
coexistence  temperature  (or  pressure)  surface  corres¬ 
ponds  to  an  azeotrope,  i.e,,  at  that  point  the  composi¬ 
tions  of  the  equilibrium  phases  are  equal,  because,  at  the 
saddlepoint 


~  ar  ~j 


=  0 


and 


dT  ' 


=  0 


and  since  V|2  >  0  Equation  (3)  is  satisfied  for  ternary 
systems  only  if 


where  i^  =  1,  2,  3. 

Thus  the  phase  coexistence  temperature  surfaces 
touch  each  other  at  seven  points;  at  the  vertices  of  the 
composition  triangle,  at  the  binary  azeotropic  points, 
and  at  the  saddlepoint. 

The  boiling  point  of  a  saddlepoint  type  azeo¬ 
trope  is  neither  the  highest  nor  the  lowest  boiling  tem¬ 
perature  of  the  system.  In  addition  to  azeotropes  having 
minimum  or  maximum  boiling  points,  it  represents  a 
third  type  of  ternary  azeotropes. 


The  thermodynamic  possibility  of  its  existence  was  predicted  by  Schreine makers  [1]  and  Ostwald  [11], 
but  the  first  of  such  azeotropes  (in  homogeneous  ternary  systems )  were  described  only  during  the  last  decade; 
for  the  system  acetone -chloroform-methanol  by  Ewell  and  Welch  [12]  and  by  Lang  [7],  and  for  the  system  acetic 
acid— isoamyl  alcohoWsoamyl  acetate  by  Krokhin  [13]. 

Distillation  lines  and  vapor  lines.  The  method  described  above  was  used  to  determine  the  course  of 
twelve  distillation  lines. 


In  Fig.  5  the  distillation  lines  are  shown  by  continuous  lines,  and  the  vapor  lines,  by  broken  lines.  The 
arrows  indicate  the  direction  of  the  change  in  the  liquid  phase  composition  in  the  course  of  evaporation. 

The  course  of  individual  distillation  lines  indicates  the  course  of  whole  families  of  curves.  Distillation 
lines  form  a  single  family  if  they  originate  and  terminate  in  common  points.  Thus,  in  the  system  in  question 
tliere  are  four  families  of  distillation  lines;  two  originate  at  the  methanol-methyl  acetate  azeotropic  point, 
and  one  of  these  terminates  at  the  methanol  vertex  (Line  1 )  and  the  other  at  the  chloroform-methyl  acetate 
azeotropic  point  (Lines  3,  4,  6).  The  other  two  families  originate  at  the  methanol-chloroform  azeotropic 
point  and  terminate  at  the  same  points  as  the  preceding  families  (Line  10  and  Lines  6,  7,  8),  Near  the  other 
vertices  and  azeotropic  points  of  the  concentration  triangle,  the  distillation  lines  follow  a  hyperbolic  course. 

Between  the  families  of  distillation  lines  lie  the  so-called  "separating  distillation  lines,"  passing  through 
the  triple  azeotropic  point  and  forming  boundaries  between  the  individual  families.  Lines  2  and  9,  11  and  12 
pass  close  to  the  separating  lines.  Within  the  limits  of  experimental  accuracy,  the  separating  lines  run  along 
the  projections,  on  the  concentration  plane,  of  the  ridge  and  trough  in  the  boiling  temperature  surface.  , 

As  we  have  seen,  the  vertices  and  azeotropic  points  of  the  concentration  triangle  can  be  divided  into  two 
groups;  a)  points  which  are  initial  of  final  points  of  the  distillation  lines;  b)  points  near  which  the  distillation 
lines  follow  a  hyperbolic  course  (the  azeotropic  points  in  this  group  are  the  marginal  points  of  the  separating 
lines  only  ).  Each  of  these  groups  has  a  corresponding  vertex  or  azeotropic  point  in  the  concentration  triangle 
at  a  given  pressure  -  this  is  determined  by  the  form  of  the  boiling  temperature  surface  or ,  in  other  words,  by 
the  position  of  the  isobar -isotherms.  A  vertex  or  azeotropic  point  will  be  the  beginning  or  end  of  distillation 
lines  if  it  is  a  "point"  isobar -iso therm,  and  the  distillation  lines  will  have  a  hyperbolic  course  near  that  point 
if  an  isobar-isotherm  of  finite  length  passes  through  it  (compare  Figs.  4  and  5  ). 
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Fig.  5.  Course  of  the  distillation  lines  (I  )  and  their  conjugate 
vapor  lines  ( II ) . 


10  20  20  W  50  60 

Fig,  6.  Variations  of  the  solution-vapor 
coexistence  temperature  along  the  distillation 
lines. 

A)  Boiling  points,  B)  chloroform  content  in 
liquid  (molar  %). 

Continuous  lines  are  liquid  lines,  broken  are 
vapor  lines. 

The  Arabic  numbers  correspond  to  the  dis¬ 
tillation  lines  in  Fig.  5. 

Points;  D  chloroform— methyl  acetate  azeotrope, 
no  methanol— methyl  acetate  azeotrope,  IV) 
saddlepoint. 


A 


Fig.  7.  Same  as  Fig.  6. 

A)  Boiling  points,  B)  methanol  content  in  liquid 
(  molar  %) . 


Fig.  8.  Sames  as  Fig.  7. 

A)  Boiling  points,  B)  methyl  acetate 
content  in  liquid  ( molar  %) . 

Point  ii  -  methanol  -  chloroform 
azeotrope. 


Variation  of  the  solution  -  vapor  coexistence  temperature  along  the  distillation  lines.  The  diagrams  in 
Figs.6,7  and  8  represent  variations  of  ^e  solution -vapor  coexistence  temperatures  along  the  distillation  lines,  in 
projection  on  one  face  of  the  prism  (xg^^)  -  Xs^^)  (x|*b  -  T.  In  other  words,  these  diagrams  show 

the  variation  of  the  phase  coexistence  temperature  in  open  evaporation  with  the  mole  fraction  of  one  of  the  com¬ 
ponents  in  the  liquid  (continuous  lines)  and  in  the  vapor  (broken  lines). 

The  differential  equations  for  these  curves  may  be  obtained  by  substituting  the  expression  dm^*^  = 

— _ \ _ (from  Equation  [1] )  into  Equation  (4)  for  ternary  systems: 

»(2) _ —(1) 

Xj  Xj 


•  <iT  1  _  W*  -  »!f  Sii + 2  {’‘T  -  4’*)  (4°'  -  4'*)  ^12 + (»Sf’  -  4'y  ^22  (6) 


This  equation  was  derived  by  Schreinemakers  [1]  and  Haase  [14].  They  also  proved  that  under  conditions 
far  from  the  critical,  tj  i2>  0  and  that  for  stable  systems 

+  2  (4=)  _  +  (4^)  _  >  0, 

i?0, 

if,  correspondingly,  ^  The  data  in  Figs,  6-8  show  that  this 

relationship  applies  to  the  system  studied  by  us,  • 

This  relationship  may  be  formulated  as  follows:  the  vapor  is  richer  than  the  liquid  in  those  components  a 
decrease  in  the  concentration  of  which  in  isobaric  open  evaporation  results  in  an  increase  of  the  boiling  point 
of  die  solution. 

Thus,  Konovalov's  first  law  is  obeyed  in  ternary  systems  for  variations  of  the  composition  by  open  evapora- 

SUMMARY 

1)  By  a  study  of  the  positions  of  the  isotherm-isobar  for  the  liquid  and  vapor  phases,  the  course  of  the 
distillation  lines,  and  liquid-vapor  equilibria  it  was  shown  that  the  system  methyl  acetate-chloroform-methanol 
has  an  azeotrope  of  the  saddlepoint  type. 

2)  In  ternary  systems,  Konovalov's  first  law  is  obeyed  for  variations  of  the  composition  by  open  evaporation. 


and  therefore: 


dT 

dx\ 
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PERFORMANCE  ANALYSIS  AND  DESIGN  CALCULATION  OF  PACKED 
ABSORPTION  TOWERS  FOR  CONDITIONS  OF  DEVELOPED 
FREE  TURBULENCE 

V.V.  Kafarov  and  V.I.  Trofimov 


It  was  shown  in  a  number  of  papers  [1-3]  that  the  most  effective  mass  transfer  in  packed  towers  is  found 
under  conditions  of  well  developed  free  turbulence. 

In  packed  absorbers,  these  conditions  appear  from  the  moment  of  phase  inversion,  i,e„  the  state  of  the 
gas  and  liquid  streams  in  which  the  gas  begins  to  be  converted  from  a  continuous  into  a  disperse  phase,  and 
the  liquid,  from  a  disperse  into  a  continuous  phase.  The  state  after  which  phase  inversion  begins  has  been  de¬ 
fined  as  die  point  of  phase  inversion.  The  state  after  which  phase  inversion  occurs  along  the  whole  height  of 
the  packing  is  known  as  the  emulsification  regime.  The  emulsification  regime  persists  up  to  flooding  of  the 
packed  tower,  when  a  layer  of  liquid  arises  above  the  packing,  in  which  the  vertical  concentration  distribution 
is  disturbed  owing  to  agitation  of  the  liquid  layer.  Accumulation  of  this  layer  above  the  packing  disturbs  the 
normal  performance  of  the  tower. 

At  the  point  of  phase  inversion,  the  resulting  hydrodynamic  conditions,  bodi  within  each  moving  phase 
and  at  the  interphase,  are  characterized  by  development  of  free  turbulence.  The  increased  velocities  of  the 
countercurrent  streams^  favor  increased  turbulence. 


In  accordance  with  hydrodynamical  theory  in  relation  to  the  development  of  turbulence  at  free  surfaces 
[4],  the  liquid  and  gas  eddies  formed  in  the  process  have  axes  perpendicular  to  the  direction  of  the  streams, 
and  they  in  turn  have  a  considerable  influence  on  the  average  stream  speeds  and  mass  transfer. 

The  eddied  liquid  retained  in  the  free  space  of  the  packing  is  penetrated  by  gas  eddies.  It  is  evident 
that  the  phase  contact  area  thus  formed  in  the  free  space  of  the  packing  exceeds  the  geometrical  surface  area 
of  the  packing. 


As  was  shown  by  one  of  the  authors  [3],  the  point  of  phase  inversion  in  packed  absorption  towers  is  des¬ 
cribed  by  the  following  equations. 

For  the  gas  speed 


log 


^gF\  ViriAf^g/ 


0.022—1.75 


(1) 


For  the  pressure  drop  at  a  ratio  of  the  liquid  rate  (L  ) 


to  the  gas  rate  (G )  in  the  column  —  <  10; 

c» 


(2) 


where  w^j  is  the  linear  speed  for  the  whole  cross  section  of  the  column  (in  m/sec,);  g  is  the  acceleration  due 
to  gravity  (in  m/sec,* ),  Og  is  the  specific  surface  of  the  packing  (in  m*/m*  );  Fg  is  the  free  section  of 
the  packing  (in  m*/  m*  );  G  is  the  weight  feed  rate  of  the  gas  (in  kg/  m*»hour);  L  is  tlie  weight  feed  rate  of 
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the  liquid  (in  kg/ m* 'hour);  is  the  density  of  tlie  gas  (in  kg/m®  ).  yj  is  the  density  of  the  liquid  (in  kg/ 
m*  ):  Mg  f  Ml  are  the  viscosities  of  die  gas  and  liquid  (in  centipoises  );  (^^g  pressure  drop  per 

unit  packing  height  in  monophase  gas  flow  at  speed  Wq  (in  mm  H20/m  ):(Ap/  l)g^j  -  is  tlie  pressure  drop  per 
unit  packing  height  in  two-phase  flow  at  the  same  gas  speed  wo  (in  mm  H20/m  ). 

It  follows  from  Equations  (1  )  and  (2  )  that  the  linear  gas  speed  and  the  pressure  drop  at  the  point  of  phase 
inversion,  for  tlie  same  gas  and  liquid  and  die  same  packing,  are  functions  of  the  weight  rates  of  the  liquid  and 
gas  only,  i.e.,  of  the  total  load  in  the  tower.  Therefore  in  these  conditions  (with  variations  of  the  load  on  the 
tower  with  the  other  conditions  equal )  absorption  processes  will  be  characterized  by  die  same  hydrodynamic 
state-phase  inversion.  The  existence  of  one  and  the  same  hydrodynamic  state  of  the  absorption  system  at  the 
point  of  phase  inversion  with  different  loads  justifies  the  consideration  of  such  systems  as  automodel  systems, 
and  the  regime  as  a  reduced  regime. 

The  identity  of  the  hydrodynamic  states  of  absorption  systems  under  a  reduced  regime  also  presupposes 
constancy  of  the  tme  total  speeds  of  the  gas  and  liquid  streams  in  the  free  section  of  the  packing.  This  is 
evident  from  the  hydrodynamic  meaning  of  the  point  of  phase  inversion. 

The  impossibility  of  explaining  the  nature  of  mass  transfer  in  conditions  of  developed  free  turbulence  on 
the  basis  of  the  Lewis  and  Whitman  film  theory  led  us  to  advance  a  number  of  hypotheses  to  explain  and  es¬ 
tablish  the  relationships  which  apply  to  such  conditions,  in  order  to  find  means  of  modeling  packed  absorption 
equipment. 


On  the  basis  of  the  identity  of  the  hydrodynamic  state  of  absorption  systems  in  a  reduced  regime, we  pos¬ 
tulated  that  the  absorption  coefficients  for  such  systems  are  equal.  This  deduction  becomes  even  more  evident 
if  it  is  taken  into  account  that  in  free  developed  turbulence  conditions  instantaneous  renewal  of  the  phase  con¬ 
tact  surface  occurs  equally  throughout  the  whole  working  volume,  as  a  result  of  which  the  amount  of  gas  ab¬ 
sorbed  by  unit  liquid  surface  in  unit  time  per  unit  motive  force  is  constant.  The  continuous  renewal  of  the 
phase  contact  surface  in  these  conditions  essentially  consists  of  disruption  of  the  interface  between  the  streams, as 
surface  tension  forces  are  not  able  to  withstand  the  forces  of  vortex  motion.  Constant  disruption  of  the  interface  and 
subsequent  penetration  of  the  gas  eddies  into  the  liquid  stream  is  accompanied  by  a  sharp  increase  in  the  amount 
of  transferred  energy(pressure  drop)and  material. 

It  follows  from  Equation  (1 )  that  the  gas  speed 
in  the  full  section  of  the  tower  should  increase  with 
increasing  size  of  the  packing  rings.  The  increase  of 
^  the  gas  speed  with  increasing  packing  diameter 

should  result  in  increased  eddy  circulation  and  hence 
in  more  rapid  renewal  of  the  phase  contact  surface 
which,  in  turn,  should  lead  to  an  increase  of  the  ab¬ 
sorption  coefficient. 

Fig,  1,  shows  the  relationship,  calculated 
from  Equation  (1  ),  between  the  linear  gas  speed  in 
the  free  section  of  the  column  and  the  equivalent 
diameter  of  the  packing,  at  absorber  load  of  unity 

G 


Fig,  1,  Variation  of  the  linear  gas 
speed  in  the  full  section  of  the  absorber 
as  a  function  of  the  equivalent  diameter 
of  the  packing  for  L/G  =  1. 

A)  Linear  gas  speed  Wj  (in  m/sec, ), 

B)  equivalent  diameter  (in  m  ),  given 

u  ^  4Fc 
by  d  = — ^ — 


diameter  or 

■)  • 


From  the  foregoing  it  is  to  be  expected  that 
variations  of  the  absorption  coefficient  should  obey 
the  same  relationship  as  the  variations  of  speed. 

Since,  as  was  stated  above,  the  phase  contact 
area  formed  in  the  free  space  of  the  packing  exceeds 
the  geometrical  surface  area  of  tlie  packing,  it  was 
necessary  to  determine  the  relationship  between  them. 

Assuming  tliat  a  relationship  exists  between  tlie 
phase  contact  area  and  the  resistance,  which 
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characterizes  theworK  done  by  the  gas  passing  through  the  sprayed  packing, it  is  possible  to  determine  the  connec¬ 
tion  between  the  geometrical  surface  area  of  the  packing  and  the  phase  contact  area. 

The  result  of  the  work  done  by  the  gas  stream  in  creating  the  phase  contact  surface  and  its  renewal  at  the 
phase  inversion  point  may  be  defined  in  terms  of  the  difference  between  tire  resistance  of  the  wet  and  dry  packings  at 
the  same  gas  speed  Wq: 

‘Cf)  =  m  <  (3) 

where  is  the  difference  of  pressure  drops  per  unit  packing  height  between  the  two -phase  and  one -phase 

streams  at  gas  speed  Wq  (in  mm  HjO/m). 


By  analogy  with  the  ratio  which  determines  the  resistance  of  the  dry  packing. 


We  write  the  equation  for  the  resistance  Ap/l^_j; 


(4) 


(5) 


where  o*  is  the  phase  contact  area  in  one  cubic  meter  of  the  packing  (in  m*/m*). 

It  is  evident  that  Equations  (4)  and(5)  differ  only  by  the  values  of  the  geometrical  surface  area  of  the 
packing  and  the  phase  contact  area, as  the  other  quantities  (linear  gas  speed, free  section  of  the  packing,etc.)re- 
main  the  same. 

Having  determined  the  resistance  Ap/f  (2)  and  (3),  and  taking  the  ratio  of  Ap/1  to  Ap/1  g  from 
Equations  (4)  and  (5)  for  the  surfaces  in  unit  volume,  we  have 


and  hence 


Solving  the  last  equation  for  the  geometric  specific  surface,  we  have 

.  _  /P _ 


^  5.9  (- 

^  M  1  \  0.0376  • 

(8) 

\  < 

5/  \iri/  ' 

For  any  given  volume  of  the  packing  in  which  a  reduced  regime  is  established  on  the  basis  of  Equation 
(8),  we  can  write  an  equation  which  connects  the  total  geometrical  surface  area  of  the  packing  with  the  total 
phase  contact  area 


5.9 


\g)  [fj  Ugj 


\  0.0376 


(9) 
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where  Sg  Is  the  geometrical  surface  area  of  the  packing  (in  m*  );  Sp  is  the  phase  contact  area  (in  m* ). 

It  follows  from  Equation  (9  )  that,  for  packed  absorbers  operating  in  the  reduced  regime,  the  geometrical 
surface  area  of  the  packing,  and  hence  the  height  of  itslayer  will  diminish  with  increasing  load  on  tlie  column 
while  the  phase  contact  area  remains  constant,  and  die  ratio  of  the  phase  contact  area  to  the  geometrical  surface 


will  increase. 


Variations  of  the  height  of  the  packing  layer  and  the  surface  ratio  p 


are  shown  in  Fig.  2, 


It  follows  from  Fig,  2  diat  an  increase  in  the 
load  on  the  tower  decreases  the  packing  height  required 
and  increases  the  phase  contact  area  relative  to  the 
geometrical  surface  area  of  the  packing. 

By  the  general  theory  of  diffusion,  tlie  amount 
of  substance  absorbed  can  be  represented  by  the  equa¬ 
tion 


G^==KSp\Y 


av 


and  hence 


Fig,  2,  Variation  of  the  packing  height 
(1 )  and  ratio  of  the  phase  contact  area 
to  the  geometrical  surface  area  of  the 
packing  (2  )  with  load  on  the  tower. 

A)  Ratio  of  the  phase  contact  area  to 
the  geometrical  surface  Sp/Sg, 

$)  Height  of  packing  layer  H  (in  m  ); 
C)  load  on  the  tower  L/  G. 

Sp  =  const.  =  1.096  m*.  Rings  8x8. 
Absorber  diameter  53  mm, 

regime,  for  a  given  phase  contact  area  Sp  we 
mental  data  must  satisfy  the  condition  KSp  = 


Ay 


=  KSr 


av 


(10) 


(11) 


Gg  is  the  weight  of  gas  absorbed  (in  kg/hour) 

K  is  the  coefficient  of  absorption  of  the  gas  by  the 
liquid  (in  kg/m* ’hour  •  kg/kg): 

AYav  logarithmic  mean  difference  of 

the  absorbed  gas  concentration  (in  kg/k^. 

The  phase  contact  area  Sp  can  be  calculated 
from  Equation  (9).  It  is  evident  that,  for  a  reduced 
must  have  a  constant  product  KSp,  i.e.,  in  this  case  tlie  experi- 
const  or  =  const. 


AY 


av 


In  this  case  modeling  of  packed  towers  may  be  reduced  to  establishing  the  relationship  between  any  two 
volumes  of  tlie  packing  having  the  same  phase  contact  area  Sp. 

Equation  (9  )  gives  the  volume  of  the  packing- 


V  = 


5.1 


/  Lx  0.3.7 

TT  0.187 

(i-lV 

\g)  \ 

U-g/ 

(12) 


By  means  of  Equation  (12)  it  is  possible  to  determine  the  phase  contact  area  for  any  packing  volume, 
depending  on  the  load.  For  the  reduced  regime,  for  a  given  gas  and  liquid,  with  equal  packing  ring  dimensions 
and  the  same  phase  contact  area,  we  can  write: 

/  L  \0.337  .  Y„\0.187  /fx  XO-OS?.-!  /  L  \0.337  /  \0.187  /  p 

''■'gU).  (t1)  l^-)  (rj  “ 

=  (t®,)  (,ir-) 


,0.0375 


220 


and  hence 


L  \0.337 


L  \0.337 


Equation  (13  )  establishes  an  automodel  relationship  between  absorption  systems  operating  under  the 
reduced  regime. 


When  —  =  1  Equation  (13 )  becomes 
G 


or,  for  the  height  of  the  packing: 


= _ 

*  !  L  \0J«7 


L\0.337  » 


where  V  is  the  volume  of  the  packing  in  the  absorber  (in  m*  ),  and  H  is  the  packing  height  (in  m ). 

If  the  phase  contact  area  under  the  reduced  regime  is  known,  it  becomes  possible,  with  the  aid  of  Equation 
(9  ),  to  calculate  the  coefficient  of  absorption: 

C, 

/  L  \0.8.‘7  /  Y  V  0.187  ,  a  V  0.0376  *  (16) 

(7-)  (ir) 


To  verify  the  foregoing,  several  series  of  experiments  were  performed  on  the  absorption  of  ammonia 
from  air  by  water  in  2  packed  absorbers  of  different  diameters,  with  various  packings,  for  different  packing 
heights,  and  under  various  loads.  The  hydrodynamical  conditions  for  absorber  operation  at  the  inversion  point 
were  calculated  by  means  of  Equations  (1 )  and  (2)  and  established  by  means  of  instruments  during  operation. 
The  ratios  between  the  geometrical  packing  surface  and  the  phase  contact  area  were  calculated  from  Equation 
(9  ).  The  load  was  varied  between  1  and  8,  i.e.,  8 -fold,  the  following  being  varied:  the  absolute  amount 
of  liquid  for  spraying  the  absorbers,  from  6  to  158  liters/ hour,  i.e.,  26  -fold;  the  volume  of  packing,  from  0,22 
to  3.43  liters,  i.e.,  more  than  15 -fold. 

The  absorption  towers,  53  and  103  mm  in  diameter,  were  made  of  glass,  permitting  additional  visual 
observation  of  the  hydrodynamic  state  of  the  equipment  in  action.  The  towers  were  packed  with  porcelain  rings 
of  three  different  sizes,  with  the  following  characteristics: 

8x8  mm  (og  =  618  mVm*,  Fj  =  0.523  m*/m*; 

10  X  10  mm  (og  =  432  m*/ m*,  F  =  0.578  mVm*; 


15  X  15  mm  (o  g  =  330  m*/  M* , 


=  0.624  mVm*; 


The  ammonia-air  mixture  entered  each  absorber  through  a  mushroom-shaped  distributing  device.  The 
packing  rings  were  supported  on  a  grid  with  a  free  section  greater  than  that  of  the  packing.  A  closed  cylinder 
with  19  overflow  tubes  was  used  for  the  spraying.  The  air,  ammonia,  and  water  flows  were  measured  by  means 
of  flow  meters.  The  gas  pressure  before  the  column  and  the  pressure  drop  over  the  packing  were  measured  by 
means  of  a  mercury  and  a  differential  water  manometer.  The  gas  and  liquid  temperatures  at  the  entry  and  exit 
to  the  towers  were  measured  by  means  of  mercury  thermometers. 
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The  ammonia  concentration  in  tlie  gas  entering  and  leaving  the  towers  was  determined  by  absorption  in 
standard  sulfuric  acid  solution  in  presence  of  methyl  red  indicator  until  the  color  changed.  The  ammonia  con¬ 
centration  in  the  liquid  was  determined  by  titration  of  samples  of  the  ammoniacal  water  by  standard  sulfuric 
acid  solution  in  presence  of  tlic  same  indicator.  Water  and  gas  samples  were  taken  simultaneously  when  steady 
operating  conditions  had  been  attained.  A  material  balance  was  calculated  for  each  experiment.  Only  ex¬ 
periments  giving  concordant  results,  and  experiments  in  which  deviations  from  the  balance  did  not  exceed  lb% 
were  taken  into  consideration. 

Three  series  of  experiments  were 
carried  out  to  check  the  constancy  of  the 
^  product  KSp  .  Absorbers  53  and  103  mm 

o  in  diameter  were  used,  with  constant  phase 

^  "o*  o  o  ^  7  '’o'”"'  contact  area  on  packing  consisting  of  8  x  8 

^ '  10  X  10  and  15  x  16  rings.  The  geo- 

metrical  surface  area  of  packing  correspond - 

O' - ^ 4 1 - 7 - S —  ®  given  constant  phase  contact  area 

was  calculated  from  Equation  (9  )  for  dif- 

Fig.  3.  Variation  of  the  product  KSp  with  load  on  ferent  loads  on  the  tower.  The  packing 

the  tower  at  a  constant  phase  contact  area  of  0.548  with  the  calculated  geometrical  surface 

m*  .  Rings  8  x  8.  Absorber  diameter  53  mm.  area  was  charged  into  the  tower  to  the  ap- 

A)  Numerical  values  of  KSp;  B)  load  L/  G.  propriate  height. 

The  first  series  of  experiments  was 
carried  out  with  8x8  rings,  in  a  tower  53 
mm  in  diameter,  with  constant  phase  con- 
^  tact  area  Sp  =  0.548  m^,  with  the  load  on 

^  I  .  .  tower  varied  from  1  to  8.  The  height 

80 '  -  “  I  *  ‘  -  ■■  ,,  of  the  packing  was  correspondingly  varied 

60-  1  ..o  oooo  o»  *o.  for  each  load  from  19.2  to  9.8  cm,  in  ac- 

o'  o  “  “o  o  cordance  with  Equation  (15). 

20-  The  results  were  represented  gra- 

0'  —  - ' - ' - ' - ' - ' - 1— B  phically  (Fig.  3). 

12  3^5678  y  ^  h  / 

,  ,  ,  ,  .  ,  ,  ,  Fig.  3.  shows  that  the  experimental 

Fig.  4.  Variation  of  the  product  KSn  with  load  on  , 

,  .  F  points  for  different  tower  loads  and  dif- 

the  tower  at  constant  phase  contact  area.  ^  ..... 

, .  .  .  .  ,  .  .  .  ferent  packing  heights  are  grouped  around 

A)  Numerical  values  of  KSoi  B)loadL/G.  ,  ^  x- 

^  F  the  same  horizontal  straight  line  corres- 

1)  10  X  10  rings,  Sn  =  const.=  1.96  m^  :  2)  ,,  ^  °  2#  s  . 

i_  P  n«o2..u  ponding  to  KSn  =  5.3  kg  •  my  m«  hour* 

15  X  16  rings,  =  const.  =  2.22  m*.  Absorber  ,  ,  °  ,  P  ,  . 

..  P  ‘kg/ kg.  The  results  confirm  the  foregoing 

diameter  103  mm.  ®  ®  .  .  .  .  ® 

conclusion  that  the  product  KSp  is  constant. 

This  was  also  confirmed  by  experiments  of  the  second  and  third  series  with  an  absorber  of  a  different  diameter, 

103  mm,  at  a  constant  phase  contact  area,  and  with  different  packing  dimensions  with  10  x  10  and  15  x  15 
rings.  The  phase  contact  areas  were  1.97  m*  for  the  10  x  10  rings,  and  2.22  m*  for  the  15  x  15  rings,  and  the 
height  of  the  packing  was  varied  according  to  the  load  on  the  tower  as  in  the  first  series  of  experiments.  The 
results  of  the  second  and  third  series  of  experiments  are  shown  in  Fig.4, 

Examination  of  Fig.  4  shows  tliat  KSp  remains  constant  with  load  variations  from  1  to  6,  its  values  being 
52  kg*  mV  m^*  hour*kg/  kg  for  10  x  10  rings,  and  80  kg*mV  m**  hour  -kg/  kg  for  15  x  15  rings. 

However,  starting  from  6  for  10  x  10  rings,  and  “=  5  for  15  x  15  rings,  this  relationship  breaks 
down  and  the  product  KSp  begins  to  decrease.  The  explanation  is  that  in  gas  absorption  at  high  liquid  rates  the 
fraction  of  the  absorbed  gas  in  the  inert  gas  is  considerable,  and  the  total  amounts  of  gas  in  the  lower  and.  upper 
sections  of  the  column  are  therefore  not  the  same,  so  that  the  upper  layers  of  the  packing  operate  at  speed  con¬ 
ditions  rather  below  the  point  of  inversion.  This  effect  is  most  prominent  with  large-size  rings. 

To  verify  the  constancy  of  the  absorption  coefficient  under  the  reduced  regime,  in  the  fourth  series  of 
experiments  the  phase  contact  area  was  doubled  by  doubling  the  height  of  the  packing  of  8  x  8  rings  in  comparison 


Fig.  4.  Variation  of  the  product  KSp  with  load  on 
the  tower  at  constant  phase  contact  area. 

A)  Numerical  values  of  KSp:  B)loadL/G. 

1)  10  X  10  rings,  Sp  =  const. =  1.96  m*  j  2) 

15  X  16  rings,  Sp  =  const.  =  2.22  m*.  Absorber 
diameter  103  mm. 
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Fig,  6,  Variation  of  the  product  KSp  with  load  on 
the  tower  at  a  constant  phase  contact  area  of 
1.096  m*:  rings  8  x  8;  absorber  diameter  53  mm. 
A)  Numerical  values  of  KSp;  $)  load  L/  G. 


This  is  graphically  illustrated  by  the 
experimental  data  in  Fig.  5;  the  points  are 
grouped  around  one  straight  line  in  the 
KSp  range  from  9  to  11,  which  is  within 
the  accuracy  limits  of  the  experimental 
determinations. 


A 


Fig.  6.  Variation  of  the  coefficient  of 
absorption  with  equivalent  packing  dia¬ 
meter  under  a  reduced  regime  at  L/  G 
=  1  —  6. 

A)  Absorption  coefficient  K  (in  kg/  m*  • 
hour»kg/k^,  B)  equivalent  diameter  de 
(in  m ). 

A 


Fig.  7.  Variation  of  the  product  KSp  with  the  load 
on  the  tower  with  constant  geometrical  surface  area 
of  the  packing  Sg  =  0,278  m*  and  packing  height 
0.192  m  8  X  8  rings.  Absorber  diameter  53  mm, 
A)  Numerical  values  of  KSp  ,  ®  loadL/G, 


^  The  decrease  of  the  value  of  KSp 
at  -g-  >  6  is  due  to  the  same  cause  as 
in  the  second  and  third  series  of  experiments. 

The  nature  of  the  variation  of  the 
absorption  coefficient  with  the  packing  di¬ 
mensions  can  be  established  from  the  re¬ 
sults  of  these  experiments.  The  numerical 
values  of  the  absorption  coefficients  for  the 
phase  contact  areas  used  were  found  from 
Equation  (16  ),  and  the  relationship  shown 
in  Fig.  6  was  determined  from  the  experi¬ 
mental  data. 

A  comparison  of  the  variations  of 
the  gas  speed  and  of  the  absorption  coef¬ 
ficient  with  the  equivalent  diameter  of  the 
packing  rings  (Figs.  1  and  6  )  leads  to  the 
conclusion  that  these  variations  obey  similar 
laws,  thus  confirming  the  earlier  hypothesis 
concerning  the  influence  of  gas  speed  on  the 
mass  transfer  rate. 

The  following  porvides  additional 
proof  of  the  constancy  of  the  absorption 
coefficient  in  the  reduced  regime.  If  the 
coefficient  of  absorption  is  taken  as 9.67 
kg/ m**  hour* kg/ kg,  and  the  phase  contact 
area  Spis  determined  from  Equation  (9  ), 
with  a  constant  geometrical  surface  area 
(height  of  packing  layer  of  8  x  8  rings  = 
19,2  cm,  for  which  Sg  =  0,278  m*  )  then, 
if  the  absorption  coefficient  is  constant, 
the  experimental  points  should  fit  on  the 
calculated  curve  found  by  multiplication 
of  the  value  taken  for  K  by  Sp  found  from 
Equation  (9), 


Fig,  7  shows  that  the  experimental  points  are  grouped  satisfactorily  around  the  calculated  curve,  which 
confirms  once  again  that  K  is  constant  in  a  reduced  regime. 
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Thus  it  was  established  experimentally  that  under  the  reduced  regime  the  coefficient  of  absorption  K 
remains  constant,  while  tlte  phase  contact  area  Sp  can  be  calculated  with  adequate  accuracy  from  Equation 
(9  ).  It  is  tlius  possible  to  calculate  absorber  data  for  a  given  absorption  coefficient  and  phase  contact  area, 
which  is  tlien  used  to  calculated  the  geometrical  surface  area  of  the  packing  or  the  height  of  the  packing  layer. 

To  confirm  once  again  the  possibility  of  calculation  by  this  method ,  additional  experiments  were 
carried  out  in  an  absorber  103  mm  in  diameter  packed  with  8x8  rings.  The  absorption  coefficient  taken  for 


the  experiments  was  K  =  9.67 


-5^. - ; — ; — ,  and  the  phase  contact  areas  were  S  =  1.97  m 

nr 'hour*  kg/kg  P 


first  series  of  experiments,  and  Sn  =  3.94  m^  in  the  second  series.  This  gave  =  19 

_ 


±g: 


in  the 


m ‘hour  kg/  kg 


38 


for  the  second.  Equation  (9  )  was  used 


for  the  first  series  of  experiments  and  KSn  =  —  , ,  ,  ,, 

P  m**hout  *  kg/  kg  ■ 

to  calculate  the  required  geometrical  surface  areas  of  the  packing,  recalculated  in  terms  of  the  corresponding 

heights  for  the-^  range  of  1  to  8,  The  results  of  these  experiments  are  shown  in  Figs.  8  and  9.  Fig.  8  gives 
^  L 

the  relationship  between  KSp  and  the  value  of  .  It  is  seen  that  the  experimental  points  are  grouped  around 

the  calculated  straight  lines,  correspoinding  to  KSp  =  19  in  the  first  series  of  experiments  and  KSp  =  38  in  the 
second.  The  experimental  data  in  Fig.  8  were  used  to  calculate  the  phase  contact  area  Sp,  the  results  being 
compared  with  the  specified  values.  Fig.  9  shows  that  the  agreement  between  the  specified  and  calculated 
values  is  quite  satisfactory. 

To  confirm  the  character  of  the  variation 

^  of  the  ratio  of  the  phase  contact  area  to  the 

_o _  2  geometrical  surface  area  shown  in  Fig.  2,  the 

S  g  oo  o  o  I  °S°  above  results  were  plotted  in  the  form  of  a 


graph  of 


against 


(Fig.  9). 


’g 
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Fig,  8,  Comparison  of  the  variations  of  the 
experimental  and  calculated  values  of  the  product 
KSp  with  the  load  on  the  tower.  8x8  rings. 

A)  Numerical  values  of  KSp  ,  B)  load  L/  G. 

1)  Sp  =  const,  =  1.97  m*;  2)  ditto,  3.94  m*; 
absorber  diameter  103  mm. 


The  result  shows  that  the  experimental 
points  fit  the  theoretical  curve  given  in  Fig.2. 

Figs  2  and  9  also  show  that  as  ~  increases 
from  1  to  8,  the  phase  contact  area  is  increased 
aproximately  4-fold  relative  to  the  geometrical 
surface  area  of  the  packing.  It  follows  that  an 
increase  in  the  load  on  a  packed  absorber  opera¬ 
ting  in  the  reduced  regime  results  in  a  sharp  in¬ 
crease  of  its  absorptive  capacity.  The  greatest 
increase  of  the  phase  contact  area,  as  Fig.  2 

must 


shows,  is  found  when —  is  increased  in  the  range  of  1  to  3,  and  therefore  this  range  of  variation  of 
G 

be  regarded  as  the  most  suitable  for  absorbers. 


As  the  result  of  these  investigations  of  the  performance  of  packed  absorption  towers  at  the  phase  inversion 
point,  the  following  method  for  calculation  of  packed  absorption  tower  design  data  is  indicated, 

1)  The  value  of  and  die  amount  of  gas  to  be  absorbed  G^  are  determined  from  the  material  balance. 

G 

2)  The  product  KSp  is  found  from  Equation  (10  ). 

3)  The  coefficient  of  absorption  K  for  the  selected  packing  is  found  by  means  of  Fig.  6. 


This  calculation  procedure  is  applicable  to  developed  free  turbulence  conditions  in  which,  as  has  been 
shown  by  a  number  of  authors  [5-8],  the  influence  of  the  individual  properties  of  different  systems  is  leveled  out. 
It  is  therefore  to  be  expected  that  in  conditions  of  developed  free  turbulence  the  relationships  found  between 
the  absorption  coefficient  K  and  the  equivalent  packing  diameter  should  be  applicable  to  all  systems  if  gas 


solubilities  are  taken  into  account.  In  view  of  the  foregoing,  Fig.  6  may  be  recommended  for  determination  of 
the  absorption  coefficient  .* 


Fig.  9.  Comparison  of  the  variations  of  the  ex¬ 
perimental  and  calculated  values  of  the  ratio  of  the 
phase  contact  area  to  the  geometrical  surface  area 
of  the  packing  (1  )  and  tlie  phase  contact  area 
( 2,  3  )  with  the  load  on  the  tower.  8x8  rings. 

A)  Ratio  Sp  /  S  ,  B)  phase  contact  area  Sp 
PS  P 

(inm*),  C)  load  L/G. 

2)  S  =  const.  =  3.94  m*;  3)  Sp  =  const.  = 


4)  The  phase  contact  area  Sp  is 
determined  from  tlie  value  found  for  the 
absorption  coefficient  K. 

5)  The  geometrical  surface  area 
of  the  packing  is  found  from  Equation  (9).. 
The  height  of  the  packing  layer  is  deter¬ 
mined  from  the  area  found  for  the  cross 
section  of  tire  tower,  calculated  from  the 
speed  given  by  Equation  (1 ).  If  packed 
towers  operate  in  emulsification  conditions, 
the  required  layer  height  is  less. 

SUMMARY 

1.  A  relationship  has  been  establish¬ 
ed  between  the  geometrical  surface  area  of 
the  packing  and  the  phase  contact  area  which 
develops  in  packed  towers  in  conditions  of 
developed  free  turbulence  at  the  inversion 
point.lt  is  shown  that  in  these  conditions  the 
phase  contact  area  is  several  times  as  large  as 
the  geometrical  surface  area  of  the  packing. 


2.  It  is  shown  that  in  conditions 
of  developed  free  turbulence  the  absorption 

coeffiricnt  remains  constant  for  a  given  packing  at  different  loads  on  the  tower.  As  the  packing  dimensions  are 
varied,  the  absorption  coefficient  varies  analogously  to  the  change  of  the  speed  and  is  determined  only  by  the 
hydrodynamical  state  of  the  system  and  the  solubilities  of  the  gases. 
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STUDY  OF  THE  ELECTROLYTIC  PRODUCTION  OF  NICKEL 


FROM  CHLORIDE  ELECTROLYTES 

N.P.  Fedotyev  and  Z.I.  Dmitreshova 
The  Lensoviet  Technological  Institute,  Leningrad 


The  field  of  applications  of  pure  nickel,  alloys  based  on  it,  and  alloys  containing  it  as  an  alloying  ad¬ 
dition,  is  very  extensive.  Whenever  good  mechanical  properties  and  chemical  resistance  are  required  in  nickel 
alloys,  electrolytic  nickel  of  the  highest  pUrity  is  used  for  their  production. 

The  fifth  Five  Year  Plan  for  1951-1955  provides  for  an  increase  of  about  53%  in  nickel  production  [1]. 

This  increase  of  nickel  output  can  be  attained  not  only  by  the  constmction  of  new  plant,  but  by  intensification 
of  the  production  processes. 

The  principal  factor  which  determines  energy  consumption  in  nickel  refining  is  ohmic  potential  loss 
in  the  electrolyte.  It  is  therefore  necessary  to  use  an  electrolyte  of  fairly  high  conductivity.  At  the  present 
time  nickel  refining  in  the  Soviet  Union  is  carried  out  with  the  use  of  sulfate  electrolytes.  The  electrolyte  com¬ 
position  (in  g/ liter )  and  electrolysis  conditions  are  approximately  as  follows  [2-4];  NiS04  *  7H2O  191-240, 
Na2S04  70,  NaCl  40-50,  H,BOj  18-20;  t  =  50-65';  pH  =  3 *7 -4.2,  U  =  2.6-3.2  V,  Dq  =  160-250  .  ampAn*. 

Experimental  data  in  the  literature  give  reason  to  believe  that  by  substitution  of  chloride  for  sulfate 
electrolytes  for  nickel  refining  the  energy,  consumption  may  be  reduced  [5,6]. 

The  purpose  of  the  present  investigation  was  to  study  the  electrolysis  of  nickel  chloride  solutions,  and, 
in  that  connection,  to  study;  1)  solubility  in  the  three-component  system  NiCl2—NaC]:“H20;  ^  the  conduc¬ 
tivities  of  mixed  aqueous  solutions  of  nickel  chloride  and  sodium  chloride;  3)  electrode  processes  in  nickel 
chloride  electrolytes, 

EXPERIMENTAL 

Solubility  in  the  three -component  system  NiCl2 — NaCl-H20  was  studied  by  an  analytical  method. 

The  salts  were  dissolved  in  a  specially  designed  glass  vessel  with  a  stirrer  (Fig.  1 ).  The  samples  were  taken 
by  means  of  a  gravimetric  pipet  which  was  kept  in  an  air  pocket  in  a  thermostat.  To  prevent  entry  of  crystals 
into  tJie  samples,  the  pipet  was  fitted  with  a  glass  cap  with  a  bottom  from  a  No, 3  glass  filter. 

The  thermostat  temperature  was  kept  constant  by  means  of  a  mercury -toluene  thermoregulator,  a  ther¬ 
mometer  (with  0.1*  scale  divisions )  and  a  thyratron  relay.  This  gave  a  visually  constant  thermostat  temperature 
(  ±0.01*)  in  the  20-50*  range,  and  an  accuracy  of  ±  0.05-0.1*  in  the  50-80*  range. 

Twice  recrystallized  finely  ground  nickel  chloride  and  sodium  chloride  of  "analytical  reagent"  grade  and 
boric  acid  of  "pure"  grade  were  used. 

The  nickel  concentration  was  determined  by  the  Chugaev-Brunk  gravimetric  method  [7],  and  the  chloride 
ion  concentration  by  the  Volhard  volumetric  method  [7].  The  sodium  chloride  was  determined  by  difference 
between  the  total  chlorine  content  of  the  sample  and  the  chlorine  combined  with  nickel  . 

The  solution  densities  were  determined  by  means  of  a  pycnometer  kept  in  the  air  pocket  of  the  thermo¬ 
stat.  The  pycnometer  volume  at  20  ,  50,  and  80“  was  determined  from  the  weight  of  water  in  the  pycnometer  and 
the  known  values  for  the  density  of  water  at  these  temperatures. 


The  results  of  the  determinations  were  used  to  plot  isothermal  solubility  diagrams  for  the  system  NiCl2- 
-NaCl-HjO  at  20,  50,  and  80*  (Fig.2). 

The  solubility  isotherm  for  20*  consists  of  two  branches,  corresponding  to  saturation  with  NiCl2*6H20  and 

NaCl.  The  eutonic  point  A  corresponds  to  a  solution  of  the 
composition  (in  wt.<7o)5  36.32  NiQ2  and  3.42  NaCl.The  den¬ 
sity  of  the  eutonic  solution  is  1.47 .Satruration  was  reached 
in  6-7hours. 

The  solubility  isotherm  for  50*  consists  of  two  branch¬ 
es,  corresponding  to  saturation  with  NiCl2*^H20  and  NaCl. 

The  eutonic  point  B  corresponds  to  a  solution  of  the  com¬ 
position  (in  wt.t/o):  41.85  NiCl2  and  2.48  NaCl.  The  density 
of  the  eutonic  solutions  is  1.56.  Saturation  was  reached  in 
6-7  hours. 

The  solubility  isotherm  for  80*  also  consists  of  two 
branches,  corresponding  to  saturation  with  NiCl2*  2H2O  and 
NaCl.  The  eutonic  point  C  corresponds  to  a  solution  of  the 
composition  (in  wt.^o):  45.44  NiCl2  and  2,72  NaCl.  The  den¬ 
sity  of  the  eutonic  solution  is  1.61.  Saturation  was  reached 
in  5-6  hours. 

Mutual  lowering  of  the  solubilities  of  nickel  chloride 
and  sodium  chloride  is  seen  in  all  the  solubility  isotherms. 

No  complex  compound  formation  was  observed  in 
the  solutions. 

The  temperature  coefficient  of  solubility  for  the 
system  is  positive  in  the  temperature  range  20  -80*. 

Additional  experiments  showed  that  boric  acid  at 
concentrations  up  to  20  g/liter  has  no  appreciable  effect  on 
solubility  in  the  system  NiCl2-NaCl-H20, 

Comparison  shows  that  the  solubility  of  nickel  chlo¬ 
ride  in  the  system  NiCl2-NaCl-H20  is  higher  than  the  solu¬ 
bility  of  nickel  sulfate  in  the  system  NiS04-Na2S04-H20.  It 
is  therefore  possible  to  use  solutions  of  higher  nickel  con¬ 
centrations  and  to  carry  out  the  electrolysis  at  higher  current 
densities. 

Electrical  conductance  of  mixed  aqueous  solutions  of  nickel  chloride  and  sodium  chloride.  A  Wheatstone 
bridge  circuit  was  used  for  the  conductance  investigations,  with  a  sonic  generator  type  ZG-10  as  the  alternating 
current  source,  and  an  electronic  oscillograph  type  EO-5  as  the  detector  instrument. 

Twice-distilled  water  was  used  for  making  the  solutions. 

The  electrical  conductance  of  the  mixed  aqueous  solutions  was  studied  over  a  range  of  nickel  chloride 
concentrations  from  0,1  to  7,9  g-equiv,/ liter,  and  of  sodium  chloride  from  0.1  to  4,1  g-equiv./ liter,  at  20,  50, 
and  80*. 

The  experimental  data  were  used  to  plot  specific  conductance  curves  for  the  mixed  aqueous  solutions 
of  nickel  chloride  and  sodium  chloride  at  20,  50  and  80*  (Fig.  3  ). 

The  experiments  showed  that  addition  of  sodium  chloride  to  nickel  chloride  solutions  increases  conduc¬ 
tance  only  over  a  limited  range  of  nickel  chloride  concentrations.  The  maximum  conductance  of  mixed  sol¬ 
utions  is  shifted  in  the  direction  of  lower  concentrations  of  nickel  chloride  with  increasing  additions  of  sodium 
chloride.  It  must  be  pointed  out  that  the  conductance  maximum  is  found  at  a  total  chloride  ion  concentration  of 
4,25-4.50  g-equiv,/ liter.  The  observed  influence  of  sodium  chloride  may  be  attributed  to  a  decrease  in  the 
activity  of  the  nickel  ions  and  to  increased  solution  viscosity.  Kurnakov  [8]  considered  that  die  conductance 
maximum  is  usually  found  at  the  concentrations  at  which  the  viscosity  isotherm  begins  to  rise  sharply. 


The  temperature  coefficients  of  specific  conductance  over  the  range  of  20-80’  were  determined  for  a  num¬ 
ber  of  the  mixed  solutions  (Table  1):  these  can  be  used  to  find  the  specific  conductance  of  such  solutions  by  means 
of  the  followint  formula: 


where  k  is  the  known  specific  conductance  of  the  solution  at  to  and  a  is  the  temperature  coefficient. 
*0  ~ 


Fig.  2.  Solubility  isotherms  for  the  system 
NiClz-NaCl-HzO  at  20  (1),  50(2)  and  80’ (3), 


The  conductance  of  the  mixed  solutions  studied 
does  not  conform  to  the  additivity  rule. 

It  was  established  in  separate  experiments  that 
boric  acid  in  concentrations  of  up  to  25  g/liter  slightly 
decreases  the  specific  conductance  of  mixed  aqueous 
solution  of  nickel  chloride  and  sodium  chloride  (curves 
9  and  11  in  Fig.  3). 

Comparison  of  chloride  (202  g/liter  NiCl2*6H20  + 

+  108  g/liter  NaCl  +  18  g/liter  H3BO3)  and  sulface 
(240  g/liter  NiS04  •  7H20  +  70  g/liter  Na2S04  +  50  g/ 
liter  NaCl  +  18  g/liter  H3BO3)  electrolytes  with  the  same 
concentrations  of  nickel  and  sodium  ions  showed  that  the 
specific  conductance  of  the  former  is  1.71  times  that  of 
the  latter  at  60* (Curves  12  and  13  in  Fig.  3).  The  high¬ 
er  conductance  of  chloride  nickel  electrolytes  in  com¬ 
parison  with  sulfate  electrolytes  results  in  decrease  elec¬ 
tric  energy  consumption  in  nickel  refining. 


Electrode  processes  in  chloride  nickel  electrolytes.  A  glass  vessel  of  the  form  shown  in  Fig.  4,  with  an  over¬ 
flow  tube  for  circulating  the  solution,  was  used  for  obtaining  data  for  polarization  curves  for  chloride  nickel  elee- 
trolytes.  The  pH  of  the  solution  waskept  constant  by  circulation  of  the  electrolyte.  The  cathode  and  anode  spaces 
of  the  vessel  were  separated  by  a  diaphragm  consisting  of  a  No.  2  glass  filter.  For  determination  of  the  cathode 
polarization  curves  the  anodes  were  placed  in  the  side  tubes  of  the  vessel,  while  the  cathode  was  contained  in  the 
central  wide  portion.  The  positions  of  the  electrodes  were  changed  over  for  determination  of  anode  polarization 
curves.  A  new  electrode  was  used  for  each  polarization  curve.  In  this  way  identical  surfaces  were  obtained  be¬ 
fore  the  start  of  each  experiment. 


The  electrode  potentials  were  measured  by  the  usual  compensation  method  with  a  PV-2  type  potentio¬ 
meter,  The  current  was  measured  by  an  indicating  galvanometer  with  a  sensitivity  of  0.1  *  10'®  amp.  A  satu¬ 
rated  calomel  electrode  was  used  as  the  reference  electrode. 

Current  efficiencies  were  calculated  from  the  weight  changes  of  the  electrodes. 

The  cathode  and  anode  processes  for  nickel  in  chloride  electrolytes  were  studied  over  a  wide  range  of 
nickel  chloride  concentrations  (0.1 -4.0  g-equiv/ liter  )  and  sodium  chloride  concentrations  (0.5-3.5  g-equiv./ 
liter )  at  25,  50, and  80’  in  the  current  density  range  of  0.3  to  20  amp  /dm^. 

The  experiments  showed  that  increase  of  temperature  and  of  nickel  chloride  and  sodium  chloride  con¬ 
centrations  decrease  anode  polarization.  This  is  the  result,  first,  of  decreased  concentration  polarization  with 
increase  of  temperature,  and  second,  of  decreased  passivation  of  the  anode  with  increased  total  chloride-ion 
concentration  in  the  solution  (Fig.  5  ). 

The  nickel  cathode  potential  in  chloride  electrolytes  is  fairly  stable  in  time  (over  30-60  minutes). 

Small  fluctuations  of  solution  acidity  have  a  slight  effect  on  nickel  cathode  polarization;  for  example, 
a  decrease  of  solution  pH  from  4,0  to  1.62  decreases  the  cathode  polarization  by  0.04  v  in  a  solution  containing 
2.0  g-equiv.  NiCl2  and  18  g  H3BO3  per  liter,  at  t  =  50’  and  =  1,0  amp  /  dm*. 

Nickel  cathode  polarization  decreases  considerably  with  increase  of  temperature  and  nickel  chloride  con¬ 
centration;  for  example,  at  =  liO  amp,/  dm*  and  t  =  25’  an  increase  of  nickel  chloride  concentration  from  0.1 
to  4,0  g-equiv./ liter  decreases  the  cathode  polarization  by  about  0,25  v. 
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2i55  58.70  88.05  117.40  146.75  176.10  205.45  234.80  C 

Fig.  3.  Specific  conductance  of  aqueous  solutions  of  NiClz 
with  various  amounts  of  Nad  at  20  (a),  50  (b),  60  (c), 
and  80*  (d ), 

A)  Specific  conductance  k  (in  ‘cm"^),  B)  Nidj 
concentration  (in  g-equiv,/ liter  ),  C)  ditto  (in  g/ liter). 

Additions  of  Nad  (in  g-equiv./ liter  )  1)  no  addition,  2) 

0.5,  3)1.0,  4)1.5,  5)1.75,  6)2.5,  7)3.6,  8)4.1,  9)  only 
25  g  H3BO5  per  liter  added,  10 )  0.4,  11) 0.4  Nad  +  25  g 
HsBQs  per  liter,  12)  70  g  Na2S04  and  50  g  Nad  per  liter 
with  NiS04,  13)  1.84  Nad  and  NiClj. 

Introduction  of  sodium  chloride  into  the  solutions  decreases  the  cathode  polarization  (by  up  to  0.05  v  ) 
over  a  definite  range  of  current  densities,  temperatures,  and  nickel  chloride  concentrations;  for  example,  at 
25*  and  with  1.7  g-equiv.  Nidj  per  liter  the  cathode  polarization  decreases  in  the  current  density  range  0-5 
amp  /dm*,  and  at  50",  in  the  range  0-10  amp  /dm*  (Fig.  6). 

The  influence  of  sodium  chloride  on  the  cathode  polarization  alters  with  increase  of  temperature.  For 
example,  at  80",  addition  of  sodium  chloride  to  a  solution  containing  1.7  g-equiv.  Nid2  per  liter  increases  the 
cathode  polarization. 

At  low  nickel  chloride  concentrations  (0.1  g-equiv./ liter ),  addition  of  sodium  chloride  increases  the 
cathode  polarization  in  the  temperature  range  studied.  In  a  solution  containing  4.0  g-equiv.  NiClj  and  1.84  g- 
equiv.  NaCl  per  liter  a  decrease  of  cathode  polarization  was  observed  even  at  80*. 
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TABLE  1 

Temperature  Coefficients  of  Specific  Conductance 


Composition  of  chlo 
ride  electrolyte  (in 
g-equiv.  /  liter 

Specific  conduct- 
anc  at  20*  (in 

SI  -*  •  cm"*  ) 

Temperature  Coef¬ 
ficient  over  the  range 
20-80* (in  Si"*  •  cm"* 
/*C) 

nickel 

chloride 

sodium 

chloride 

0.5 

1.84 

0.142 

0.00310 

1.36 

1.84 

0.158 

0.00350 

1.70 

1.0 

0.134 

0.00307 

1.70 

1.84 

0.162 

0.00358 

1.70 

2.50 

0.175 

0.00406 

1.70 

3.60 

0.192 

0.00450 

3.0 

1.84 

0.166 

0.00370 

Fig  ,  4.  Vessel  for  determination  of  polarization  curves. 

It  should  be  noted  that  the  maximum  current  density  is  reached  earlier  on  addition  of  sodium  chloride. 
For  example,  at  25*  in  a  solution  containing  1.7  g-equiv.  NiCl2  +  18  g  H3BO3  per  liter  the  current  density 
maximum  was  reached  at  13  amp  /  dm*,  wliile  in  a  solution  containing  1.7  g-equiv.  NiClj  +  3.5  g-equiv. 

Nad  +  18  g  H3BO3  the  value  was  8  amp  /dmj.  The  maximum  current  density  is  indicated  in  the  polarization 
curves  by  a  sharp  jump  of  potential  (Fig.  6. ). 

Thus,  a  decrease  of  cathode  polarization  on  addition  of  sodium  chloride  occurs  in  a  definite  current 
density  range.  Subsequently  the  cathode  polarization  increases  with  increasing  current  density  and  the  maximum 
current  density  is  reached  earlier.  It  is  likely  that  adsorption  of  chloride  ions  by  the  cathode  surface  increases 
and  cathode  passivation  diminishes  on  addition  of  sodium  chloride.  The  adsorption  of  chloride  ions  decreases 
with  increasing  current  density  and  temperature,  and  the  influence  of  sodium  ions,  which  decrease  the  diffusion 
rate  and  nickel  ion  activity,  predominates. 


231 


/I 


Fig.  5,  Anode  polarization  curves  for  nickel  in  NiClj  solution  at  26  (a  ),  60 
(b),  and  80"  Cc). 

A)  Current  density  (in  amp  /  6xr?  ),  B)  anode  potential  (in  v  ), 

Solution  compositions  (in  g/liter  );  1)  2.93 Ni,  18  HSBO3:  2)  60  Ni,  18  H9BO9; 

3)  2.93(0.1  g-equiv/liter)  Ni,  107.6  NaQ,  18  H3BO3;  4)  29.35(1.0  g-equiv/liter) 

Ni,  107.6  NaQ,  18  H3BO3.  5)  50  (1.7  g-equiv/liter)  Ni,  107.6  NaQ,  18  H3BOi; 

6)  117.4(4.0  g-equiv/liter)  Ni,  107.6  NaCl,  18  H3BO3. 

Comparison  shows  that  nickel  is  liberated  at  a  lower  polarization  in  a  chloride  than  in  a  sulfate  electro¬ 
lyte;  for  example,  at  =  2.0  amp  /  dm*,  t=  60",  pH  =  3.85  in  a  chloride  electrolyte  (202  g  NiClj  +  108  g 
NaCl  +  18  g  H3BC)3  per  liter)  =  -0.43  v,  and  =  -0.107  v,  while  in  a  sulfate  electrolyte  (240g  NiS04  • 
.7H2O  +  70  g  Na2S04  +  50  g  NaCl  +  18  g  H3BO3  per  liter )  E^  =-0.515  v,  and  E^  =—0.240  v.  The  nickel,  so¬ 
dium  and  borate  ion  concentrations  of  these  two  electrolytes  are  respectively  equal. 

The  anode  current  efficiency  in  the  chloride  electrolyte  (of  the  composition  given  above)  in  the  current 
density  range  0.5-16  amp  /  dm*  at  65"  and  pH  =  3.85  is  close  to  100%  (Fig.  7  ). 

The  cathode  current  efficiency,  both  in  chloride  and  in  sulfate  electrolytes,  increases  with  temperature, 
solution  pH,  and  current  density  (the  cathode  current  efficiency  passes  through  a  martmum  with  Increase  of 
current  density  ).  The  conditions  for  nickel  deposition  are  more  favorable  in  the  cliiuride  electrolyte;  for  exam¬ 
ple,  at  Dp  =  2.0  amp  /  dm*,  t=  65",  and  pH  =  2.0  the  cathode  current  efficiency  is  99,9%  in  the  chloride  elec¬ 
trolyte,  and  97.0%  in  the  sulfate  electrolyte  (Fig.  8  ). 

The  cell  potential  is  lower  with  the  chloride  than  with  the  sulfate  electrolyte.  This  is  explained  by  the 
better  conductance  of  the  solution  and  by  decreased  catliode  and  anode  polarization.  For  example,  in  a  cell 
containing  chloride  electrolyte  at  60",  with  electrodes  9  cm  apart  the  potential  in  the  1-5  amp  /  dm*  current 
density  range  is  1.5-1.6  times  less  than  in  a  cell  with  sulfate  electrolyte. 
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Fig.  6.  Cathode  polarization  curves  for  nickel  in  NiCl2  solutions  with  various 
additions  of  NaCl  at  25  (a  ),  50  (b  ),  and  80'  (c  ), 

A)  Current  density  (in  amp /dm  ),  B) cathode  potential  (in  v  ). 

Amounts  of  NaCl  added  (in  g/liter  )  to  solution  (202  g  NiCl2  •  6  H2O  +  18 
HaBO^  per  liter  )  :  1)  no  addition,  2)  29,25,  3)  107.6,  4)  205. 
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Fig.  7.  Variation  oi  anode  current  efliciency  with 
current  density  in  chloride  and  sulfate  nickel  elec¬ 
trolytes, 

A)  Anode  current  efficiency  (in  %),  B)  current 
density  (in  amp  /  dm*  ). 

Solution  composition  and  pH;  1)  IN  NiS04,  47  g/ 
liter  H3BO3,  pH  =  3;  2)  1  N  NiS04,  47  g/  liter  HgBOs, 
1  N  NaCl*  pH  ^  3:  3)  1.7  N  NiCl2,  1.84  N  NaCl, 

18  g/liter  H3BO3,  pH  =  3.85,  t  =  65'. 


Equilibrium  potentials  for  nickel  in  chloride 
electrolytes  were  determined  graphically  from  the 
experimental  data  on  cathode  and  anode  polari¬ 
zation.  The  equilibrium  potential  was  found  from 
the  point  of  intersection  of  extrapolated  cathode 
and  anode  polarization  curves  plotted  in  semi- 
logarithmic  coordinates.  An  example  of  graphical 
determination  of  the  equilibrium  potential  [9]  is 
given  in  Fig.  9. 

1  he  values  found  for  the  equilibrium  poten¬ 
tials  for  nickel  (Table  2  )  are  close  to  the  value 
of— 0.185  V  found  by  Deshalyt,  Vasilyev,  and 
Rabinovich  [13]. 

In  relation  to  the  graphical  determination  of 
the  nickel  equilibrium  potential,  a  hypothesis  was 
put  forward  concerning  the  nickel  ion  discharge 
mechanism  under  various  electrolysis  conditions . 
In  the  graphical  determination  of  the  nickel  equi¬ 
librium  potential  only  the  linear  region  of  the  re¬ 
lationship  between  the  electrode  potential  and  the 
logarithm  of  the  current  density  was  used,  i,e.,  the 
region  in  which  the  Tafel  equation  [9]  is  applic¬ 
able  for  all  the  current  densities: 
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c  ■  2-3 «r,  . 

E  log., 


where  a  is  a  constant  which  represents  the  degree  of  irreversibility  of  the  electrode  process,  and  which  depends 
on  the  electrode  metal,  the  state  of  its  surface,  solution  composition,  and  temperature;  R  is  the  gas  constant;  F 
is  the  Faraday  number;  z  is  the  valence  of  the  discharged  ion;  T  is  the  absolute  temperature;  a  and  <J  are 
coefficients  which  relate  variations  of  the  activation  energy  to  changes  of  the  electrical  energy  of  the  ions  (  a 
for  the  cathode  and  0  for  the  anode  process ). 

TABLE  2 

Equilibrium  Potentials 

Form  of  electrode  -  nickel  plate,  experimental  conditions  -  electrolytic  deposition 


Electro- 

Nickel 

Composition  of  electrolyte 

lyte  tem¬ 
perature 
r  (deg) 

equilibrium 

potential  • 
(in  v) 

b** 

b'** 

a 

f 

0  +  3 

1 

2B 

0.132 

0.104 

0.225 

0.285 

0.510 

1.0  g-equiv.NiCl2  +  18  g  | 

50 

—0.212 

0.102 

0.172 

0.318 

0.188 

0.506 

HsBQs  per  liter  1 

80 

—0.165 

0.074 

0.152 

0.478 

0.233 

0.711 

1 

25 

— 

0.133 

0.100 

0.224 

0.298 

0.522 

1.7  grequiv.  NiCl2  +  18  g  | 
HsBOg  per  liter  ' 

50 

80 

—0.203 

—0.160 

0.085 

0.087 

0.070 

0.060 

0.381 

0.406 

0.468 

0.589 

0.844 

0.995 

*  According  to  Schweitzer  flO],  the  equilibrium  potential  of  nickel  in  1  N  NiClj  is 
-0.314  V;  according  to  Neiman  [11]  the  value  for  the  same  solution  is  —0.258  v; 
according  to  Schoch  [12]  the  equilibrium  potential  of  nickel  in  chloride  solution  is 
—0.138  V;  according  to  Deshalyt,  Vasilyev,  and  Rabinovich  [13]  the  average  equilibrium 
potential  of  a  nickel  electrode  in  1  N  NiS04  is  -0.185  v. 

•  •  b  =  2.3RT/a  Fz:  b’=  2.3RT/0  Fz. 


The  results  show  that  at  80*  a  +  3  «  while  at  25"  a  +  0  w  0.5.  It  is  known  that  a  +  0 
should  be  equal  to  unity  [9].  From  this  we  may  conclude  that  at  80*  a  +  0=1  if  z  =  2.  Hence  it  follows 
that  the  ion  discharge  is  represented  by  the  equation*  Ni*^  +  2e— Ni,  and  proceeds  in  one  stage. 

At  25"  a  +  0  is  unity  only  if  z  =  1,  and  the  discharge  of  nickel  ions  can  be  supposed  to  occur  in  two 

stages; 

first  stage;  Ni^  +  e  — •  Ni^, 

second  stage  ;  Ni  +  e  —  Ni, 

where  one  of  the  stages  (most  probably  the  first  )  is  much  more  rapid  than  the  other. 

The  decrease  of  cathode  current  efficiency  and  higher  polarization  to  some  extent  confirm  the  decrease 
of  the  total  rate  of  nickel  ion  discharge  at  low  temperatures. 

Microhardness  of  electrolytic  nickel  deposits.  The  hardness  of  galvanic  coatings  is  closely  associated 
with  the  structure  of  the  deposits  which,  in  its  turn,  depends  on  the  electrolysis  conditions  [14,  15], 

The  microhardness  of  the  electrolytic  nickel  deposits  was  measured  by  the  indentation  method  by  means 
of  the  PMT-3  type  microhardness  tester  [16].  The  microhardness  tests  were  performed  on  deposits  obtained  from 
a  chloride  electrolyte  containing  202  g  NiCl2  •  BHjO  +  108  g  NaCl  +  18  g  H8BO5  per  liter  under  various  elec¬ 
trolysis  conditions. 

For  comparison,  several  experiments  were  performed  to  determine  the  microhardness  of  deposits  obtained 
from  a  sulfate  electrolyte  (240  g  NiS04  •  7H2O  +  70  g  Na2S04  +  50  g  NaCl  +  18  g  HjBOj  per  liter). 
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Fig.  8,  Variation  of  cathode  current 
efficiency  with  current  density  in 
chloride  (1,  2,  3 )  and  sulfate  (4) 
nickel  electrolytes  at  65*. 

A)  Cathode  current  efficiency  (  in  ojc), 

B)  current  density  (in  amp,/ dm*). 
Composition  of  chloride  electrolyte 
(in  g/ liter):  202  NiClj,  108  Nad, 

18  HgBO^:  pH  values;  1)  6,  2)  3.85, 

3)  2. 

Composition  of  sulfate  electrolyte  (in 
g/ liter):  240  NiS04  •  7  HjO,  50 
Nad,  70  Na2S04,  18  HjBOj;  pH  =  2. 


Fig.  9.  Determination  of  nickel  equilibrium  po¬ 
tential  by  a  graphical  method, 

A)  Cathode  potential  (inv),  B)  anode  potential 
(inv),  C)  current  density  D^,  (in  amp  /  drn*  ), 

D)  log  Dc  : 

Temperature  (  *C  );  a)  50,  b)  80. 

Electrolyte  composition;  4  g-equiv.  Nidj 
(117.4  g  Ni )  and  18  g  HsBO^  per  liter. 
Polarization  curves;  1)  cathode,  ’2)  anode. 

M  and  N  are  the  nickel  equilibrium  potentials. 


The  microhardness  determinations  showed  that  the  microhardness  of  nickel  deposits  decreases  with  in¬ 
creasing  electrolysis  temperature;  for  example,  increase  of  the  electrolyte  temperature  from  30  to  65*  at  D^, 

=4  amp  /  dm*,  pH  =  2.0  decreases  the  microhardness  by  about  40%.  At  30*  the  microhardness  was  302  kg/  mm*, 
and  at  65*.  180  kg/  mm*. 

Increase  of  solution  pH  favors  the  formation  of  harder  nickel  deposits  (Fig.  10);  for  example,  an  increase 
of  pH  from  2  to  5  at  =  4  amp  /  dm*,  t=  65*  increases  the  microhardness  by  nearly  22%.  At  pH  =  2.0  the 
microhardness  was  180  kg/ mm*,  and  at  pH  =  5.0,  it  was  230  kg^rm*. 

The  microhardness  of  nickel  deposits,  both  from  chloride  and  from  sulfate  electrolytes,  passes  through  a 
minimum  with  increasing  current  density,  for  a  chloride  electrolyte  at  65*,  pH  =  2.0— 3.8  ;this  minimum  lies 
in  the  current  density  range  4-5  amp  /  dm*  (Fig.  10).  For  example,  in  chloride  electrolyte  at  65*,  pH  =  2.0,  Dc 
=  0.2  amp  /  dm*,  the  microhardness  H  =  286  kg/ mm*,  at  Dq  =  4.0  amp  /  dm*  the  microhardness  H  =  180  kg/ 
mm*,  and  at  D^  =  14.2  amp  /  dm*  the  microhardncss  H  =  237  kg/  mm*. 

The  existence  of  a  microhardness  minimum  was  confirmed  by  profilograms  and  photographs  of  the  micro - 
structure  of  the  deposits. 

Little  difference  was  found  in  the  microhardness  of  electrolytic  nickel  deposits  obtained  from  chloride  and 
sulfate  electrolytes  (the  difference  did  not  exceed  17%). 

The  above  experimental  results  suggest  that  the  minimum  microhardness  of  nickel  deposits,  both  from 
chloride  and  from  sulfate  electrolytes,  corresponds  to  current  densities  at  which  the  most  favorable  conditions 
for  nickel  deposition  (maximum  current  efficiency  )  are  found. 
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SUMMARY 


Fig.  10,  Effect  of  current  density  on  the 
microhardness  of  nickel  deposits  (I)  and 
cathode  current  efficiency  (n)  in  chlo¬ 
ride  (1,  2,  3,  5,  6,  7  )  and  sulfate  (4,  8) 
electrolytes. 

A)  Microhardness  H  (in  kg/ mm*),  B) 
cathode  current  efficiency  tjc  (in<yr), 
O  current  density  (in  amp /dm*).  pH 
values;  a,  b)  2,  c)  3.85,  d)  6. 


1.  A  study  of  the  electrolytic  deposition  of 
nickel  from  chloride  electrolytes  has  demonstrated 
their  superiority  to  sulfate  electrolytes.  With  the  use 
of  chloride  solutions  the  cell  potential  can  be  decreas¬ 
ed  considerably  owing  to  the  higher  conductance  of 
chlorides  and  lower  electrode  polarization  .  If  the 
sulfate  electrolyte  recommended  in  the  literature  as 
having  the  highest  conductance  is  compared  with  a 
chloride  electrolyte  with  the  same  concentrations  of 
nickel  and  sodium  ions,  the  potential  in  the  chloride 
solution  is  1.5-1.6  times  lower  than  in  the  sulfate 
solution, 

2.  Because  of  the  better  solubility  of  chlorides, 
more  concentrated  electrolytes  can  be  used.  Higher 
rates  of  electrolysis  are  therefore  possible. 

3.  Cathode  current  efficiencies  for  nickel  are 
somewhat  higher  in  chloride  than  in  sulfate  electro¬ 
lytes,  exceeding  99«7o  in  optimum  electrolysis  condi¬ 
tions, 

4.  Nickel  deposits  obtained  from  chloride 
electrolytes  are  satisfactory  in  appearance.  The  hard¬ 
ness  of  nickel  deposited  from  chloride  solutions  dif¬ 
fers  little  from  that  deposited  from  sulfate  solutions. 

5.  In  order  to  settle  the  question  of  the  use 
of  chloride  electrolytes  for  nickel  refining,  it  is 
necessary  to  check  the  processes  for  removing  im¬ 
purities.  It  is  also  necessary  to  determine  the  effects 
of  chloride  electrolytes  on  the  materials  used  for  the 
equipment. 
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DEPENDENCE  OF  THE  ANODE  POTENTIAL  OF  STEEL  ON  THE 
ELECTROLYTE  COMPOSITION  IN  ELECTROCHEMICAL  POLISHING 


N.P.  Fedotyev  and  S.Ya,  Grilikhes 


It  was  shown  earlier  [1]  on  the  basis  of  measurements  of  capacity  and  intermediate  resistance  that  an 
oxide  film  is  formed  on  steel  surfaces  in  electrochemical  polishing.  For  a  deeper  insight  into  the  mechanism  of 
the  processes  which  take  place  in  electrochemical  polishing  it  was  desired  to  study  the  anode  potentials  of  the 
the  metal  being  polished,  as  their  magnitude  and  variations  may  provide  an  indication  of  the  nature  of  the  pro¬ 
cesses  which  occur  at  the  metal  during  electrolysis. 

The  present  communication  deals  with  a  study  of  this  problem, 

A  cathode  voltmeter  with  input  resistance  of 
w  30  mn  was  used  for  potential  measurements, 
in  order  to  be  able  to  carry  out  continuous  observations 
of  the  electrode  potentials  and  to  record  its  rapid 
variations.  The  instrument  scale  was  graduated  in 
0.002  V  divisions.  By  displacement  of  the  scale  zero 
by  means  of  an  opposing  e.m.f.  it  was  possible  to 
measure  e.m.f.  over  any  required  range  to  an  accuracy 
of  1  mv  (half  a  scale  division).  A  calomel  electrode 
was  used  as  the  reference  electrode.  The  tip  of  the 
glass  tube  in  contact  with  the  polarized  electrode  was 
cut  at  an  angle  of  45*  in  order  to  prevent  entry  of 
gas  bubbles  evolved  at  the  polarized  metal. 

The  electrolytes  were  made  from  pure  reagents. 
Each  electrolyte  was  used  for  not  more  than  20  amp  - 
hours/ liter  in  order  that  accumulation  of  the  solution 
products  of  the  anode  should  not  affect  the  results  of 
the  determination.  Specimens  of  carbon  steel  St  45 
were  used  for  the  anodes. 

Effect  of  electrolyte  temperature.  Anode  po¬ 
tentials  were  measured  in  an  electrolyte  containing 
(in<yo)  ;  65  H3PO4,  15  H2SO4,  6  CrOj  and  14  HjO 
at  different  solution  temperatures.  The  results  of 
these  measurements  are  shown  in  Fig.  1.  The  values  of  the  potentials  in  this  and  the  other  figures  are  given  on 
the  hydrogen  scale. 

The  Dj-  Ea  (current  density  -  anode  potential )  curve  at  20"  runs  along  the  potential  axis  up  to  2.0  v, 
and  then  shows  a  sharp  break  and  ascends  steeply.  The  steep  ascent  of  the  curve  corresponds  to  the  start  of 
hydrogen  evolution.  The  very  low  current  density  used  to  dissolve  iron  at  potentials  up  to  1.8  v  (  w  0.2  amp  / 
dm*  )  shows  the  existence  of  a  high  intermediate  resistance  at  the  electrode-electrolyte  boundary. 

It  seems  likely  that  in  these  conditions  the  main  resistance  is  offered  by  a  salt  film,  which  retards  the 
process  up  to  the  start  of  gas  evolution,  die  gases  loosening  the  film  and  thus  allowing  the  passage  of  considerable 
currents. 


A 


Fig,  1.  Variation  of  anode  potential  with 
current  density  at  different  electrolyte 
temperatures. 

A)  Anode  current  density  (in  amp  /  dm*  ), 

B)  anode  potential  (in  v  ) . 

Electrolyte  temperature  (in  deg.);  1)  20, 
2)  40,  3)  60,  4)  70,  5)  80. 
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No  polishing  occurs  at  an  electrolyte  temperature  of  20*,  and  the  steel  anode  acquires  a  luster  only  in 
electrolytes  heated  to  60-80*. 

Increase  of  the  electrolyte  temperature  abruptly  changes  the  course  of  the  D^—E^  curves.  Even  at  40“ 
the  curve  rises  appreciably  above  the  potential  axis  and  forms  two  distinct  constant  current  plateaus.  Further 
increase  of  temperature  increases  the  current  densities  corresponding  to  these  plateaus.  The  transition  from 
the  first  to  the  second  plateau  occurs  at  a  potential  close  to  +  1.0  v  at  all  temperatures.  The  second  ascent  of 
the  curve,  corresponding  to  the  start  of  oxygen  evolution,  is  somewhat  displaced  in  the  direction  of  lower  po¬ 
tentials  with  increase  of  temperature. 

The  solubility  of  iron  salts  in  the  electrolyte  increases  with  its  temperature;  the  salt  film  formed  be¬ 
comes  looser,  and  this  leads  to  an  increase  of  current  density  corresponding  to  the  first  current  plateau. 

To  determine  the  nature  of  the  electrode  processes  in  the  electrochemical  polishing  of  steel,  the  current 
efficiencies  were  determined  under  different  conditions  of  electrolysis.  The  following  results  were  obtained. 

At  anode  current  density  0.4  amp  /dm^  and  anode  potential  0.437  v,  i.e„  before  the  first  current  plateau,  the 
current  efficiency  is  ll0<yc  calculated  for  Fe***,  or  calculated  for  Fe**;  at  anode  current  density  4  amp  /  dm* 
and  anode  potential  1.620  v,  i.e.,  in  conditions  of  the  second  current  plateau, the  efficiency  is  I00<7o  calculated 
for  Fe"**:  at  anode  current  density  40  amp/dm*  and  anode  potential  1.197  v,  i.e.,above  the  second  current  plateu, 
the  efficiency  is  47%  calculated  for  Fe***.  Comparison  of  the  current  efficiencies,  and  of  the  normal  potentials 
of  iron,  indicates  that  iron  first  goes  into  solution  in  the  form  of  bivalent  ions.  With  increase  of  the  positive  po¬ 
tential  trivalent  ions  begin  to  go  into  solution.  Their  relative  amount  increases  with  increasing  potential.  At  and 
beyond  the  second  cunent  plateau  iron  enters  the  solution  almost  entirely  in  the  form  of  trivalent  ions. 

The  film  formed  in  conditions  corresponding  to  the  second  current  plateau  is  no  longer  a  salt  film. 
Measurements  of  the  capacity  and  intermediate  resistance  of  a  specimen  treated  in  the  above  electrolyte  in 
conditions  at  the  end  of  the  second  plateau  show  that  in  these  conditions  the  steel  surface  is  coated  with  an 
oxide  film  [1], 

It  must  be  taken  into  account  that  the  potential  determined  when  a  nonconducting  film  is  present  is 
composed  of  the  electrode  potential  itself  and  the  potential  drop  in  the  film  pores.  In  the  case  of  an  electron¬ 
ically  conducting  film  (oxide  films  are  often  electronic  conductors )  the  measured  potential  will  be  made  up 
of  the  potential  of  the  actual  process  on  the  film  and  the  potential  drop  in  the  thickness  of  the  film. 

For  this  reason  the  measured  potentials  are  considerably  higher  than  the  actual  electrode  potentials  when 
the  electrode  surface  is  not  coated  by  a  film. 

At  low  electrolyte  temperatures  a  denser  salt  film  is  formed.  The  ohmic  potential  drop  in  the  pores  is 
very  large.  The  actual  electrode  potential  in  such  cases  is  considerably  below  the  measured  value.  Moreover, 
the  electrode  reactions  are  retarded  and  the  solubilities  of  the  anode  products  are  low.  Therefore  the  D^— 
curve  for  20*  does  not  exhibit  a  distinct  plateau  corresponding  to  solution  of  iron  in  the  form  of  trivalent  ions, 
but  there  is  only  a  slight  increase  in  the  slope  of  the  Da—  curve  at  a  potential  of  1,2  v. 

Effect  of  chromic  anhydride.  It  is  known  in  the  practice  of  the  electrochemical  polishing  of  steel  that 
the  chromic  anhydride  concentration  of  tlie  electrolyte  has  a  significant  effect  on  the  electrolytic  process.  It 
was  shown  in  the  preceding  paper  [1]  that  the  presence  of  CrOs  in  the  solution  influences  the  formation  of  the 
oxide  film  on  the  surface  of  the  polished  metal.  To  determine  more  precisely  the  role  of  CrOs,  Dg— E^^  curves 
were  plotted  for  an  electrolyte  containing  65%  H9PO4,  15%  H2SO4  and  various  amounts  of  CrOs.  The  electrolyte 
temperature  was  80*.  The  results  are  shown  in  Fig.  2. 

Electrolysis  in  solutions  not  containing  CrOs  is  accompanied  by  periodic  anode  passivation  effects.  The 
region  of  current  density  and  potential  fluctuations  is  shown  in  the  figure  by  a  closed  curve. 

When  a  definite  current  density  has  been  reached,  the  anode  potential  begins  to  increase  and  the  current 
density  to  decrease,  which  can  only  be  caused  by  film  formation.  After  some  time  the  film  dissolves  in  the 
acid,  as  at  low  current  densities  its  rate  of  formation  is  less  than  the  rate  of  solution.  After  a  certain  interval 
the  anolyte  layer  again  becomes  saturated  with  anode  solution  products,  leading  to  film  formation.  The  cycle 
is  repeated.  As  the  current  density  increases,  the  amplitude  of  the  fluctuations  increases  and  the  length  of  the 
cycles  decreases.  At  a  current  density  of  about  3  amp  /  dm*  the  periodic  effects  cease  and  evolution  of  oxygen 
begins. 
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Fig.  2.  Variation  of  anode  potential  with  current 
density  at  different  contents  of  CrOs  in  the  elec¬ 
trolyte. 

A)  Anode  current  density  (inamp/dm^,  B) 
anode  potential  (in  v  ). 

Cr03  content  in  electrolyte  (in«yr):  1)  3  (a) 
and  6  (b),  2)  1,  3)  0.5,  4)  0. 

The  disappearance  of  pulsation  indicates  a  change 
in  the  composition  and  structure  of  the  film. 
Chromic  anhydride,  which  previously  favored  an 
increase  in  the  solubility  of  the  anodic  dissolution 
products  of  iron,  as  was  indicated  by  the  higher 
current  density  at  which  pulsation  began,  causes 
a  change  in  film  properties  when  a  certain  con¬ 
centration  of  CrO^  has  been  reached.  Lainer 
[4]  also  reports  an  increase  in  the  solubility  of 
iron  salts  in  polishing  electrolytes  in  presence 
of  CrOs.  The  increased  solubility  of  iron  salts 
in  presence  of  Cr03  in  our  electrolyte  is  proba¬ 
bly  the  result  of  double  (complex  )  salt  forma¬ 
tion.  When  the  concentration  of  the  double 
salts  becomes  high  enough,  they  begin  to  par¬ 
ticipate  in  the  formation  of  the  film  and  change 
its  structure  and  strength. 


As  the  CrOj  content  in  the  electrolyte  in¬ 
creases,  the  current  density  at  which  the  periodic  ef¬ 
fects  begin  becomes  greater,  the  pulsation  range  be¬ 
comes  narrower,  and  at  3%  CrOj  it  vanishes  complete¬ 
ly. 

At  the  current  density  at  which  pulsation  be¬ 
gan  in  an  electrolyte  containing  1%  Cr08,  the  first 
current  plateau  is  found  with  3%  Cr08.  At  an  anode 
potential  of  m  1.0  v  the  curve  begins  to  ascend,  co¬ 
rresponding  to  solution  of  iron  in  the  form  of  trivalent 
ions,  and  the  second  current  plateau  appears;  finally, 
at  a  potential  of  w  2.0  v  oxygen  evolution  begins. 

Periodic  effects  during  the  solution  of  metals 
have  been  often  investigated.  Kistyakovsky  [2]  at¬ 
tributes  their  occurrence  to  alternate  activation  and 
passivation  of  the  anode  owing  to  formation  and  de¬ 
struction  of  oxide  films  on  it.  Other  authors  [3]  con¬ 
clude  that  fluctuations  of  potential  are  associated  with 
the  formation  of  a  salt  film  on  the  anode  surface.  The 
actual  possibility  of  one  mechanism  or  anotlier  depends 
on  the  conditions  of  electrolysis.  In  the  conditions  of 
our  experiments  the  electrolyte  was  a  mixture  of  con¬ 
centrated  acids  in  which  the  anode  products  have  lim¬ 
ited  solubility.  The  consequent  supersaturation  of  the 
anolyte  layer  by  the  anode  solution  products  leads  to 
formation  of  a  salt  film  on  the  anode  surface. 


4 


Fig.  3.  Variation  of  anode  potential  with  current 
density  with  different  CrO^  and  Cr203  contents  in 
the  electrolyte. 

A)  Anode  current  density  (in  amp /dm*),  B) 
anode  potential  (in  v  ) . 

Contents  of  Cr03  and  Cr203  in  tlie  electrolyte  (in 
vft.o/o):  1)6  and  0,  2)  0  and  6,  3  )  4.5  and 

1.5,  4)  3  and  3. 
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Increase  of  Cr03  concentration  np  to  raises 
the  probability  of  participation  of  sexivaicnt  chromium 
ions  in  film  formation  on  the  metal  surface,  the  film 
becomes  more  stable  (less  porous )  and  the  height  of 
the  first  current  plateau  diminishes.  At  the  first  cur¬ 
rent  plateau  this  film  is  predominantly  a  salt  film. 

At  the  second  current  plateau  an  oxide  film  is  formed 
together  with  a  salt  film.  As  a  result  the  value  of 
the  constant  current  corresponding  to  the  second  region 
does  not  depend  on  the  CrOs  concentration  in  the  elec¬ 
trolyte. 

When  the  electrolyte  is  in  use,  Cr(')3  is  reduced 
to  Cr2P3.  To  find  how  reduction  of  003  affects  the 
properties  of  the  electrolyte,  specimens  were  treated 
in  electrolytes  with  various  003  and  Cr203  contents. 
The  results  are  shown  in  Fig.  3. 

It  is  seen  from  this  figure  that  complete  re¬ 
duction  of  Cr03  to  Cr2C)3  results  in  a  curve 

typical  for  an  electrolyte  not  containing  Cr03,  pul¬ 
sations  of  current  and  potential  occur,  and  the  curve 
is  almost  entirely  similar  to  the  curve  taken  in  com¬ 
plete  absence  of  chromium  salts  in  the  electrolyte 
(Fig.  2). 

It  is  therefore  obvious  that  presence  of  Cr203  in  the  electrolyte  does  not  influence  the  polishing  process, 
and  the  decisive  role  is  played  by  the  CrC)3  concentration.  Increase  of  the  Cr03  concentration  above  2ojr.,  as  has 
already  been  stated,  decreases  the  height  of  the  first  current  plateau  and,  as  Fig.  3  shows,  does  not  alter  the 
height  of  the  second  plateau. 

This  suggests  that  the  appearance  of  the  second  current  plateau  is  determined  mainly  by  the  oxide  film. 
As  has  already  been  stated,  the  salt  film  influences  the  position  of  the  first  plateau. 

It  follows  from  the  foregoing  data  that  Cr03  is  involved  in  the  formation  of  the  oxide  (and  probably  also 
of  the  salt )  film  on  the  metal  surface  being  polished.  To  test  this,  an  anode  potential -anode  current  density 
curve  was  plotted  for  chrome  steel  treated  in  a  polishing  electrolyte  not  containing  CrC^, 

Fig.  4  shows  this  curve  and,  for  comparison,  a  curve  for  ordinary  carbon  steel  in  the  same  electrolyte. 

It  is  seen  that  the  Da — Ea  curve  for  chrome  steel  differs  sharply  from  the  Da*^a  curve  for  carbon  steel. 

The  anode  potential  curve  for  chrome  steel  in  an  electrolyte  not  containing  CrOs  coincides  in  form 
with  the  curve  for  carbon  steel  in  ordinary  polishing  electrolyte  containing  6%  Cr03  (Fig.  2  ). 

This  similarity  between  the  curves  for  carbon  steel  in  presence  of  Cr03  in  the  solution  and  for  chrome 
steel  in  absence  of  Cr03  confirms  that  chromium  is  involved  in  the  formation  of  anode  films. 

Effect  of  iron  salts.  Salts  of  trivalent  iron  accumulate  in  the  polishing  electrolyte  during  use.  It  is 
known  that  at  concentrations  of  Fe203  >  6-7<7o  polishing  is  no  longer  possible,  as  the  surface  of  the  treated 
metal  becomes  etched  and  dull.  Fig.  5  shows  the  results  of  Dg  and  E^  determinations  in  ordinary  polishing 
electrolyte  containing  various  amounts  of  Fe203. 

It  is  seen  from  Fig.  5  that  the  presence  of  Fe208  in  the  solution,  without  changing  the  character  of  the 
curve,  decreases  the  maximum  current  density. 

Accumulation  of  Fe203  in  the  electrolyte  considerably  increases  the  solution  viscosity  and  decreases  the 
conductance.  Thus,  in  electrolysis  with  the  cathode  and  anode  spaces  separated,  to  prevent  reduction  of  CrOs, 
after  210  amp ~hour/ liter  the  electrolyte  viscosity  increased  from  5.44  to  11.07  centipoises,  while  the  conduc¬ 
tance  fell  from  0.2931  to  0.1798  cm  ^  .  Moreover,  increase  of  the  iron  concentration  in  the  solution  lead- 
to  more  rapid  saturation  of  the  anolyte  layer  with  anode  solution  products.  These  factors  favor  the  decrease  in 
the  height  of  the  second  current  plateau.  In  this  case  deterioration  of  the  quality  of  electrochemical  polishing 


Fig.  4.  Variation  of  anode  potentials 
of  carbon  (1)  and  chrome  (2) 
steels  with  current  density  in  an  elec¬ 
trolyte  not  containing  CrO^. 

A)  Anode  current  density  (in  amp/ 
dm*),  B)  anode  potential  (in  v). 
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is  not  caused  by  a  change  in  the  anode  process.  The  darkening  and  etching  of  steel  surfaces  treated  in  an  elec¬ 
trolyte  containing  over  6%  Fe20s  is  the  result  of  the  etching  effect  of  ferric  salts  which  they  exert  on  the  metal 
through  tlie  pores  in  the  film. 


Fig.  5.  Variation  of  anode  potential  with  Fig.  6.  Variation  of  anode  potential  with  current 

current  density  with  different  contents  of  density  with  different  water  contents  in  the  elec- 

iron  in  the  electrolyte,  trolyte. 

A)  Anode  current  density  (in  amp /dm*),  A)  Anode  current  density  (in  amp /dm*  ),.  B) 

B)  anode  potential  (in  v  ).  anode  potential  (in  v). 

Fe205  content  in  electrolyte  (inwt.<5(>)  :  Electrolyte  composition  (inwt.  %); 


1)  0,  2)  3.8,  3)  6.1,  4)  7.0.  5)  7.8. 

1 

H3PO4 

65 

H2S04 

15 

CrO, 

6 

H2O 

14 

Effect  of  water  content.  Good  quality  polish- 

2 

63.5 

12.4 

4.9 

29.2 

ing  is  obtained  with  a  definite  content  of  water  in 

3 

38 

8 

6 

48 

the  electrolyte,  A  considerable  increase  of  the  water 

4 

38.8 

8.7 

3.6 

48.9 

content  diminishes  the  surface  luster  of  the  metal 


and  results  in  surface  etching. 

Increase  of  the  water  content  raises  the  solubility  of  the  anode  product,  and  facilitates  diffusion  of  acid 
toward  the  anode  and  its  interaction  with  the  film.  These  processes  should  lead  to  an  increase  of  the  current 
■density  at  which  passivation  of  the  anode  begins.  In  fact,  as  Fig.  6  shows,  increase  of  the  water  content  in  the 
electrolyte  has  a  considerable  influence  on  the  course  of  the  polarization  curves.  At  first  the  heights  of  both 
current  plateaus  increase,  and  then  only  one  plateau  remains.  It  seems  likely  that  the  appearance  of  a  current 
plateau  on  the  curve  for  electrolytes  containing  48<yo  H2O  is  caused  by  the  formation  of  a  salt  film  on  the  metal. 
The  constant  current  region  on  the  curves  for  these  electrolytes  commences  at  low  potentials,  which  would 
hardly  be  the  case  if  an  oxide  film  was  formed  on  the  metal.  In  such  electrolytes  the  rate  of  transfer  of  the 
metal  into  solution  should  be  higher  for  formation  of  a  saturated  anolyte  layer.  This  is  reflected  in  the  curve - 
the  value  of  the  constant  current  density  is  greater  than  in  the  other  electrolytes. 

The  change  in  the  course  of  the  Da— Ea  curves  is  not  the  consequence  of  the  decreased  relative  con¬ 
tent  of  CrOs  in  the  electrolyte  on  dilution  with  water.  As  Fig.  6  shows,  the  curves  for  electrolytes  containing 
48<yoH20  and  3,6%  CrOj  or  6%  CrOj  have  almost  the  same  course  -  only  one  current  plateau  is  seen  in  each  curve. 

Steel  specimens  treated  in  electrolyte  containing  48%H20  have  a  pale  gray,  dull  surface. 

The  results  of  these  experiments  indicate  that  formation  of  oxide  films  on  steel  anodes  occurs  only  in  an 
electrolyte  of  definite  composition  and  under  definite  electrolysis  conditions.  Alteration  of  these  factors  disturbs 
the  conditions  in  which  anode  passivation  is  possible,  and  thus  renders  polishing  impossible. 

SUMMARY 

1.  Anode  potential  curves  for  electrochemical  polishing  of  steel  in  an  electrolyte  containing  HsP04, 
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H2SO4,  CrOj,  have  two  constant  current  regions.  The  first  of  these,  at  low  current  densities,  is  caused  by  the 
formation  of  a  salt  film,  and  the  second,  by  the  formation  of  an  oxide  film  on  the  metal  surface. 

2.  The  anode  potential  curve  in  a  polishing  electrolyte  at  20*  shows  no  constant  current  regions.  No 
polishing  occurs  in  these  conditions.  As  the  temperature  increases,  two  current  plateaus  appear  on  the  anode 
potential  curves.  Increase  of  the  electrolyte  temperature  is  accompanied  by  an  increase  in  the  reflecting  power 
of  the  steel  anode. 

3.  Anodic  treatment  of  steel  in  electrolytes  not  containing  CrO^  is  characterized  by  periodic  passivation 
effects.  At  a  CrOj  concentration  above  ^0  the  periodic  effects  disappear  and  two  current  plateaus  appear  on  the 
current  density-anode  potential  curve.  Polishing  of  the  steel  anode  occurs  in  electrolytes  containing  not  less 
than  3%  003. 

4.  The  electropolishing  of  chrome  steel  in  an  electrolyte  not  containing  CrOj,  and  of  carbon  steel  in  an 
electrolyte  containing  CrOj,  is  characterized  by  similar  anode  potential  curves,  with  two  constant  current  plateaus. 
The  similarity  of  these  curves  indicates  the  significant  role  of  chromium  ions  in  electrochemical  polishing, 

5.  The  influence  of  ferric  salt  content  in  the  electrolyte,  or  of  dilution  of  the  electrolyte  by  water,  is 
consistent  with  the  influence  of  temperature  and  003  content  in  the  solution,  and  the  two  depend  on  common 
factors, 

6.  The  polishing  effect  -  the  formation  of  luster  on  the  metal  surface  -  is  found  in  conditions  in  which 
the  electrolyte  composition  and  the  electrolytic  regime  result  in  the  formation  of  an  oxide  film  of  definite 
composition,  stmcture,  and  thickness  on  the  anode. 
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ELECTROCHEMICAL  LIBERATION  OF  ZINC  ON  ALUMINUM 


CATHODES  WITH  DIFFERENTLY  TREATED  SURFACES 


D.P.  Zosimovich  and  T.I.  Kononchuk 


In  the  hydroelectro  metallurgical  process  for  zinc  production,  aluminum  cathodes  are  used  exclusively; 
zinc  is  deposited  on  them  at  high  current  efficiencies  and  is  very  easily  stripped  from  them  under  normal  process 
conditions.  However,  sometimes  it  is  not  possible  to  strip  the  zinc  from  the  aluminum  despite  the  use  of  con¬ 
siderable  mechanical  force. 

Various  explanations  have  been  advanced  for  the  adhesion  of  zinc  to  aluminum,  Aitkenhead  [1]  and 
Drozdov  [2]  state  that  "coalescence"  is  caused  by  finely  divided  solid  particles  floating  in  the  solution.  Stimmel 
et  al.  [3]  state  that  adhesion  of  zinc  to  aluminum  cathodes  is  caused  by  the  action  of  fluorine  and  by  corrosion 
processes.  Pletenev  and  Rozov  [4]  showed  that  addition  of  sodium  fluoride  to  zinc  electrolytes  assists  adhesion  of 
zinc  to  aluminum.  Baimakov  [6]  reports  that  adhesion  may  be  caused  by  the  presence  of  fluoride  or  chloride  ions 
in  the  electrolyte  and  by  roughness  and  pits  in  the  surface  of  the  aluminum  cathodes,  retaining  the  zinc.  Levin, 
Pomosov,  and  Tkachenko  [6]  reach  the  same  conclusions.  Ageenkov  and  Serikov  [7]  showed  that  presence  of 
cadmium  in  the  electrolyte  prevents  adhesion  of  the  metals,  while  in  presence  of  lead  and  fluoride  ions  the  zinc 
adheres  firmly  to  the  cathode  surface,  Shteingardt  [8]  states  that  stripping  is  usually  most  difficult  from  good 
aluminum  without  traces  of  corrosion.  Zinc  is  stripped  more  easily  from  cathodes  made  of  rolled  aluminum.  Ad¬ 
dition  of  0,1 -0.6  mg  of  antimony  per  liter  to  tlie  electrolyte  improves  stripping, 

Kelly  [9]  considers  that  adhesion  of  zinc  to  aluminum  is  effected  not  by  mechanical  attachment  to 
irregularities  in  the  surface,  but  by  means  of  electrochemically  active  regions  of  the  cathode  surface,  the  number 
of  which  increases  in  presence  of  fluoride  ions, 

Bertorelle  flO]  studied  the  adhesion  of  zinc  to  aluminum  by  an  oscillographic  method  and  showed  that  the 
action  of  fluorine  is  explained  by  activation  of  the  cathode  surface.  Vagramyan  and  Tsareva  [11]  have  described 
an  electrochemical  method  for  studying  the  adhesion  of  deposits,  based  on  a  rapid  method  of  taking  polarization 
curves. 


Heiman  [12]  showed  that  good  adhesion  between  aluminum  cathodes  and  zinc  and  other  metals  occurs  in 
presence  of  large  amounts  of  fluorine,  which  is  attributed  to  very  rapid  solution  of  the  aluminum  oxide  film  by 
hydrofluoric  acid. 

In  earlier  investigations,  one  of  the  present  authors  [13,  14  ]  studied  the  influence  of  various  factors  on  the 
adhesion  of  zinc  to  aluminum,  and  showed  that  variations  of  the  concentrations  of  ZnS04,  H2SO4,  KCl,  KBr,  KI, 
changes  of  temperature,  current  density,  etc.,  do  not  influence  adhesion.  However,  adhesion  of  the  metals  always 
occurred  on  introduction  of  fluoride  ions  into  the  electrolyte.  It  was  shown  that  the  principal  factor  determining 
the  adhesion  of  zinc  to  aluminum  is  the  presence  or  absence  of  an  oxide  film  on  aluminum. 

It  is  necessary  for  good  adhesion  between  metals  for  the  cathode  surface  to  be  quite  clean  and  free  from 
fats,  oils,  and  oxides,  and  from  highly  disperse  and  partially  oxidized  metal  formed  on  the  cathode  by  mechanical 
treatment,  rolling,  polishing,  treatment  with  metal  brushes,  etc.  Electronographic  investigations  of  metal  surfaces 
have  shown  [15]  that  the  surface  of  such  a  metal  consists  of  amorphous,  highly  disperse,  partially  oxidized  metal. 
The  softer  the  metal  treated,  the  thicker  is  this  surface  layer.  However,  the  assertion  that  any  oxide  film  causes 
separation  of  electrolytically  deposited  metal  is.  incorrect,  as  the  chemical  and  electrochemical  methods  which 
have  been  developed  for  treatment  of  metal  surfaces  in  suitable  solutions  lead  to  very  firm  metal  adhesion  and 
are  now  successfully  used  in  electroplating  technology  [16,  17  ]. 
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On  the  basis  of  a  series  of  our  investigations  [18-23]  on  the  formation  of  alloys  at  the  cathode  it  was 
shown  that,  in  electrodeposition  of  metals,  an  intermediate  surface  alloy  is  formed  at  the  cathode -metal  boun¬ 
dary,  In  our  opinion,  reduction  of  iron  oxides  by  hydrogen  with  simultaneous  liberation  of  the  metal  being  de¬ 
posited,  and  formation  of  surface  alloys  as  the  result  of  depolarization  processes,  will  occur  on  the  oxidized 
surface  of  an  iron  cathode  during  its  cathodic  polarization  at  the  appropriate  potential.  Transformation  of  the 
crystal  structure  of  the  oxide  into  the  alloy  structure  will  occur  simultaneously,  Gorbunova  [24]  demonstrated 
the  formation  of  alloys  in  deposition  of  metals  on  alloys. 

In  hydroelectrometallurgy  and  electroplating  technology  processes  are  met  in  which  the  deposited  me¬ 
tals  must  be  removed  from  die  catliode  surfaces.  In  such  cases  the  cathode  is  coated  with  an  oil  film,  or  a 
natural  or  artificial  film  of  oxide  on  the  metal  surface  is  used. 

The  presence  of  an  aluminum  oxide  film  on  the  surface  of  aluminum  makes  it  possible  to  use  it  for 
cathodes  in  zinc  and  cadmium  production,  and  causes  a  number  of  complications  in  the  formation  of  firmly 
adherent  coatings  [25], 

According  to  Tronstad  [26]  and  Vernon  [27],  the  thickness  of  the  oxide  film  on  aluminum  in  air  is 
about  100-150  A,  The  oxide  films  formed  in  water  are  considerably  thicker,  reaching  several  hundred  angstroms. 
Oxide  films  formed  on  aluminum  as  the  result  of  mechanical  treatment  or  rolling  may  be  hundreds  or  even  thou¬ 
sands  of  angstroms  thick.  The  thickness  of  oxide  films  formed  by  anodic  oxidation  may  reach  several  hundred 
H  [28],  The  oxide  films  formed  in  electropolishing  are  very  thin,  up  to  ^  30  A,  very  dense,  and  almost  com¬ 
pletely  dehydrated  [29], 

The  films  differ  in  composition,  crystalline  modification,  thickness,  structure,  and  properties  according 
to  the  conditions  of  formation. 

In  sodium  fluoride  solution  the  potential  of  A1  with  a  primary  film  is  displaced  in  the  electronegative 
direction  to  about  0. 9-1.1  v  [12,  30,  31  ]. 

According  to  the  theory  of  metals,  the  strength  of  the  crystal  lattice  and  the  cohesion  are  determined  by 
the  action  of  metallic  bond  forces,  A  measure  of  cohesive  force  is  provided  by  the  heat  of  sublimation,  i.e„ 
the  energy  required  for  dissociation  of  one  mole  of  a  substance  into  free  atoms  [32], 

According  to  Kuznetsov  [33],  the  work  U  necessary  to  separate  a  crystal  into  two  parts  and  move  them 
to  such  a  distance  apart  that  no  interaction  occurs  between  them  is  determined  by  the  equation  U  =  2  So, 
where  a  is  the  surface  energy  of  the  cleavage  plane  of  the  crystal,  and  S  is  the  area  of  the  cleavage  plane, 

Seitz  [4],  in  discussing  the  theory  of  the  strength  and  destruction  of  an  ideal  crystal,  assumes  that  most 
of  the  forces  of  attraction  between  the  two  halves  of  a  broken  specimen  act  at  a  distance  of  the  order  of  inter¬ 
atomic  distances.  Since  forces  of  cohesion  between  atoms  act  at  distances  of  that  order,  it  is  evident  that  in 
the  presence  of  an  oxide  film  30-50  A  thick  on  the  metal  surface,  i.e.,  in  presence  of  10-15  molecular  oxide 
layers,  no  adhesion  occurs  between  the  metals,  while  in  the  case  of  platinum,  on  which  the  oxide  film  consists 
of  1-2  molecular  layers,  good  adhesion  to  the  deposited  metai  is  found. 

This  brief  review  of  the  literature  on  the  influence  of  oxide  films  on  metal  adhesion  is,  of  course,  by  no 
means  a  complete  picture  of  the  complexity  of  the  cathode  process. 

The  present  paper  contains  the  results  of  an  investigation  of  the  deposition  of  zinc  from  acid  electrolytes 
containing  fluoride  ions  on  aluminum  cathodes  with  different  oxide  films, 

EXPERIMENTAL 

Four  series  of  experiments  were  carried  out,  in  which  the  aluminum  cathodes  used  consisted  of  rolled 
metal,  metal  etched  until  the  metal  structure  appeared,  metal  etched  and  passivated  in  sulfuric  acid,  and  elec- 
trolytically  polished  metal. 

The  zinc  content  was  constant  at  60  g/ liter  in  all  the  experiments.  The  solutions  were  made  from  zinc 
sulfate  (  ZnS04  *  7H2O  )  of  analytical  grade.  Electrolytes  of  different  acidity;  0.5,  1,2,  and  3  N  sulfuric  acid 
solutions,  were  used.  Four  concentrations  of  fluoride  :  25,  50,  100,  and  500  mg/ liter,  were  used  in  each  of  these 
electrolytes.  Fluoride  ions  were  introduced  into  the  electrolytes  in  the  form  of  analytical  grade  sodium  fluoride 
solution.  Thus,  the  adhesion  of  zinc  to  aluminum  cathodes  was  studied  in  20  different  electrolytes.  The 


solutions  containing  fluoride  ions  were  kept  in  vessels  coated  with  paraffin  wax;  the  electrolytic  cells  (500  ml ) 
were  also  internally  coated  with  paraffin  wax.  The  current  density  was  500  amp  /m^  in  all  the  experiments. 
The  temperature  was  kept  constant  at  30"  by  means  of  a  thermostat,  with  ±  0.5"  fluctuations.  The  electrolysis 
time  was  2  hours.  The  cathodes  were  cut  from  a  single  sheet  of  aluminum,  2  mm  thick.  The  anodes  were  lead. 
The  current  source  was  a  storage  battery.  The  experiments  were  performed  consecutively. 

The  following  scale  was  adopted  for  evaluation  of  the  adhesion  of  zinc  to  aluminum;  1 )  no  adhesion  — 
the  usual  rating  for  deposits  formed  in  pure  electrolyte  (without  fluoride  )  in  a  given  series;  2)  weak  adhesion 
-  the  zinc  can  be  stripped  with  the  use  of  some  force,  uniformly  and  completely;  3)  considerable  adhesion  - 
strong  force  is  required  for  stripping,  the  deposit  breaks  into  pieces,  but  is  stripped  completely;  4)  strong  ad¬ 
hesion  -  the  deposit  cannot  be  removed,  it  breaks  up  into  small  pieces  during  stripping  and  peels  off  when  the 
cathode  edges  are  rubbed  with  a  file  or  the  cathode  is  pierced  by  a  punch;  5)  very  strong  adhesion  —  the  de¬ 
posit  does  not  peel  off  after  piercing  by  a  punch  or  removal  of  the  zinc  layer  by  filing. 


Fig.l.Microphotographs  of  the  original  aluminum  electrode  surfaces. 
Surfaces;  a)  rolled;  b)  very  strongly  etched;  c)  etched  and  pas¬ 
sivated;  d>  electrolytically  polished. 


Deposition  of  zinc  on  rolled  aluminum.  The  cathode  surface  was  slightly  decreased  in  alkaline  mixture 
(O.dofc.  solution  of  caustic  alkali  and  10%  soda  solution  at  70" );  the  specimen  was  held  in  this  solution  until 
the  surface  was  uniformly  covered  with  gas  bubbles  (12-15  second's )  and  then  immersed  in  sulfuric  acid  (10%) 
for  1-2  minutes;  it  was  then  washed,  dried,  and  kept  in  a  desiccator.  The  electrode  surface  remained  as  bright 
as  before,  with  all  its  mechanical  defects  (scratches,  dents,  etc.).  No  noticeable  changes  in  the  structure  of 
such  a  surface  could  be  detected  under  56-fold  magnification  (Fig.  1,  a  ). 

No  adhesion  was  found  on  removal  of  the  zinc  deposit.  The  average  cell  potential  was  3.3  v.  The  current 
efficiencies  (mean  of  2  determinations )  are  given  in  Table  1. 

The  inner  sides  of  the  deposits  in  this  series  reproduced  in  relief  the  structure  of  the  electrode  surfaces, 
and  no  appreciable  corrosion  was  observed;  the  cathode  surfaces  were  without  visible  change  after  removal  of  the 
deposits. 

No  adhesion  between  the  metals  was  found  at  fluoride  concentrations  up  to  500  mg/  liter,  with  acidity 
variations  from  0.5  to  3  N  sulfuric  acid. 

The  reason  for  the  absence  of  cohesion  in  this  series  is  that  the  surface  oxide  layer  formed  as  the  result 
of  rolling  is  fairly  thick,  and  in  the  time  required  for  the  formation  of  a  continuous  zinc  deposit  on  the  cathode 
(5-10  minutes )  this  layer  cannot  dissolve  (even  at  the  maxium  fluoride  content)  down  to  a  thickness  which  no 
longer  provides  an  obstacle  to  metallic  adhesion  forces. 
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TABLE  1 

Deposition  of  Zinc  on  Rolled  Aluminum  Cathodes 
=  0.05  amp,/ cm* 


Acid  concen¬ 
tration 
(normality) 

Current  effic.for  zinc  ( <7o)  ii 
lytes  with  fluoride  concen. 

n  electro - 
(mg/ liter) 

Type  of 
adhesion 

1  25 

1  50 

100  1 

1  500 

0.6 

97.28 

98.06 

98.12 

_ 

1 

No  ad  - 

1 

96.97 

97.24 

98.86 

98.29 

hesion 

found 

2 

3 

94.36 

89.18 

94.99 

92.53 

94.93 

92.71 

96.24 

91.99 

In  presence  of  fluoride  the  current  efficiency  decreases  somewhat  with  increasing  acidity.*  Inctease  of 
fluoride  concentration  does  not  affect  the  current  efficiency. 

Deposition  of  zinc  on  rolled  etched  aluminum.  The  oxide  layer  was  removed  from  the  aluminum  sur¬ 
face  in  alkaline  mixture  at  70"  until  a  uniformly  etched  metal  surface  was  obtained  (etching  for  40  minutes). 
The  cathodes  were  then  immersed  for  several  minutes  in  10«yp  sulfuric  acid.  The  surfaces  of  these  electrodes, 
without  magnification,  had  a  dull,  fine,  crystal  appearance,  and  under  56-fold  magnification,  they  showed 
a  strongly  developed  relief  (Fig.  1,  b  ).  The  electrodes  were  kept  in  a  desiccator  after  etching.  The  results 
obtained  in  deposition  of  zinc  on  these  surfaces  are  given  in  Table  2.  As  Table  2  shows,  the  adhesion  varies  reg¬ 
ularly  with  variation  of  the  fluoride  content.  Weak  adhesion  is  found  with  25  mg  fluoride  per  liter.  This 
means  that  the  primary  oxide  film,  formed  in  twenty-four  hours  after  etching,  is  not  completely  dissolved  in  a 
solution  with  this  fluoride  content.  The  adehesion  rapidly  increases  with  increasing  fluoride  concentration,  and' 
at  500  mg/ liter  the  zinc  deposit  cannot  be  removed. 

Deposition  of  zinc  on  etched  passivated  aluminum  surfaces.  Strongly  etched  aluminum  electrode  sur¬ 
faces  were  passivated  in  2Qoj^  sulfuric  acid  at  25*  and  12  v  potential  for  20  minutes.  After  this  treatment  the 
surface  acquired  a  green-yellow  color.  The  surface  relief  was  the  same  as  before  passivation  (Fig.  1,  c  ),  and 
only  the  color  was  different.  The  results  are  given  in  Table  2. 


TABLE  2 

Results  of  the  Experiments 


Electrolyte  com¬ 
position 


HiSO, 

(normal!  - 
_ iX _ 


F' 

(in  mg/ 
liter ; 


Depos,  zinc  on  etched  aluminum 
cathodes  (current  density  0.05 

amo./cm^)  ! 

cell  - 
potential 
(in  v) 

current 
efficien 
cy  (in<7() 

type  of  adhe¬ 
sion 

Depos.  zinc  on  etched  passivated 
aluminum  cathodes  (ciyrent 
density  0.05  amp./ cm  ) _ _ 


cell 


currenij 

jeffi- 

ciency 

(in 


0.5 


25 

50 

100 

500 

25 

50 

100 

500 

0 

25 

60 

100 

500 

25 

60 

100 

500 


3.6— 3.4 

3.4 

3.5 

3.5— 3.3 
3.4— 3.3 
3.4— 3.3 
3.4 

3.2 

3.2 

3.2 

3.2 

3.1 

3.1 

3.2 

3.1— 3.2 


98.80 


88.76 

89.51 

84.68 

87.44 

94.58 

86.31 

91.18 

89.95 


Weak 
Strong 
Strong 
Weak 
Weak 
Strong 
Very  strong 

Considerable 
Strong 
Strong 
Very  strong 

Considerable 
Considerable 
Very  strong 
Considerable 


3.4 

3.8 

3.2 

3.5— 3.3 

3.4—  3.3 

3.5—  3.4 
3.4— 3.3 

3.6—  3.3 

3.0— 3.2 
3.0— 3.2 

3.1 

3.2 
3.2 

3.7—  3.1 
3.2— 3.1 

3.2 

3.2 


98.04 

98.12 

96.55 

94.61 

94.91 

98.52 

91.82 

91.94 

82.42 
90.73 

90.42 
91.71 
89.09 

90.85 

89.44 

92.21 

91.34 


type  of 
adhesion 


None 

None 

None 

Weak 

None 

None 

None 

None 

None 

None 

None 

Com?^erable 

None 

None 

Weak 

Weak 
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In  contrast  to  the  preceding  series,  the  inner  sides  of  the  deposits  in  this  series  were  dark  with  considerable 
signs  of  corrosion. 

The  surfaces  of  the  aluminum  electrodes  were  found  to  be  altered  after  removal  of  the  depositsUhe  yel¬ 
low-green  color  of  the  passivated  surfaces  disappeared  completely  or  partially. 

Table  2  shows  that  firm  adhesion  of  the  deposits  to  the  electrodes  could  not  be  obtained  even  with  500 
mg  fluoride  per  liter,  while  on  a  strongly  etched  surface  before  passivation  strong  adhesion  occurs  with  only  50 
mg  fluoride  per  liter. 

Since  the  surface  relief  in  this  case  was  the  same  as  in  the  preceding  series  (Fig.  1,  b,  c  ),  it  may  be 
concluded  that  the  principal  and  decisive  role  in  the  adhesion  of  zinc  to  aluminum  is  played  by  the  state  and 
structure  of  the  oxide  film,  and  not  by  surface  inhomogeneity.  It  must  be  pointed  out  that  in  all  cases  the  de¬ 
posits  are  easily  removed  from  the  "numbers"  (figures  embossed  by  a  numbering  machine,  1  mm  deep  )  which 
constitute  fairly  deep  mechanical  flaws,  but  which  nevertheless  did  not  prevent  removal  of  the  deposits. 

Deposition  of  zinc  on  electropolished  aluminum  surfaces.  Aluminum  plates  made  from  rolled  metal 
were  mechanically  polished  to  give  a  mirror  surface  and  then  electropolished.  This  was  done  to  obtain  a  smootli- 
er  surface  and  to  remove  the  oxide. layer  formed  as  the  result  of  the  mechanical  treatment.  It  was  at  the  same 
time  necessary  to  retain  the  mirror  surface.  The  electropolishing  conditions  were  those  described  by  Batashov 
[35]. 

The  electrodes  in  this  series  had  a  mirror  surface  (Fig.  1,  d  ).  The  results  are  given  in  Table  3. 


TABLE  3 

Deposition  of  Zinc  on  Electropolished  Aluminum  Surfaces 
(Current  density  0.05  amp  /  cm*  ) 


Electrolyte 
comp.  2  N 
tHjS04  and  F* 
(mg/  liter) 

Current 

Strength 

pn  amp.) 

Current 
efficien¬ 
cy  (in  cjQ 

Potential 
(in  V ) 

Type  of 
adhesion 

0 

0.800 

3.6— 3.2 

None 

25 

0.666 

95.31 

3.1 

None 

50 

.0.826 

94.29 

3.4— 3.2 

None 

lOo 

p.826 

93.51 

3.2 

Weak* 

500 

0.800 

93.86 

3.4— 3.2 

Strong 

•A  layer  of  zinc  remained  on  the  electrode. 

All  the  specimens  were  immersed  in  the  cell  with  the  current  flowing.  At  low  fluoride  concentrations 
peeling  of  the  deposits  was  observed  and  the  inner  sides  showed  local  traces  of  corrosion.  The  electrode  surface 
was  covered  with  white  patches  after  removal  of  the  zinc. 

At  fluoride  concentrations  of  25  and  50  mg/  liter  no  adhesion  between  the  metals  was  observed,  i.e., 
there  was  not  enough  fluoride  present  to  destroy  the  electrochemical  oxide  film  before  the  electrode  surface 
became  coated  with  the  metal. 

In  presence  of  100  mg  F  per  liter  weak  adhesion  was  found,  while  with  500  mg  F  ’  per  liter  the  zinc 
deposit  was  removed  with  great  difficulty  and  was  torn  to  pieces  in  the  process.  This  suggests  that  if  it  had  been 
possible  to  remove  the  oxide  film  completely  without  disturbing  the  mirror  surface*  strong  adhesion  would  have 
been  obtained  even  in  absence  of  fluoride. 

Adhesion  of  zinc  to  aluminum  is  determined  by  processes  occurring  at  the  electrode  surface  at  the  first 
instant  of  electrolysis.  The  adhesion  between  the  metals  depends  on  the  state  of  the  aluminum  surface  and  on  the 
way  in  which  the  crystallization  centers  are  formed  and  in  which  the  growth  of  the  first  layers  of  metal  on  the 
aluminum  takes  place. 

It  was  therefore  of  considerable  interest  to  follow  the  course  of  zinc  deposition  during  the  first  minutes  of 
electrolysis,  before  the  formation  of  a  continuous  layer. 


The  macroelectrocrystallization  experiments  were  carried  out  on  the  same  4  types  of  surface  as  were 
used  for  adhesion  studies. 

The  most  interesting  and  characteristic  zinc  deposits  were  photographed  and  are  shown  in  Figs.  2  and  3. 


Fig.  2.  Electrocrystallization  of  zinc  on  electropolished  aluminum  surfaces. 
Electrolysis  time  1  minute,  electrolyte  composition  (in  g/ liter);  zinc  60, 
sulfuric  acid  98. 

Fluoride  contents  (in  mg/ liter );  a)  no  fluoride,  b)  25,  c)  100,  d)  500. 
White  spots  -  zinc  deposit;  dark  places  -  surface  free  from  zinc. 


It  was  not  possible  to  photograph -deposits  on  the  strongly  etched  surface,  as  the  zinc  crystals  coalesce 
with  the  surface  relief.  For  the  same  reason  it  was  impossible  to  photograph  the  deposit  on  the  passivated  sur¬ 
face  less  than  5  minutes  after  the  start  of  electrolysis,  as  after  1,  2,  3,  and  4  minutes  it  was  difficult  to  detect 
zinc  crystals  on  these  specimens;  therefore  the  results  of  the  individual  experiments  had  to  be  described  in  the 
text. 

The  results  lead  to  the  conclusion  that  electrocrystallization  of  zinc  on  aluminum  depends  on  the  state 
of  the  aluminum  surface  and  to  a  considerable  extent  also  on  the  fluoride  concentration  in  the  electrolyte. 

On  aluminum  with  an  oxide  film  formed  as  the  result  of  rolling,  passivation,  and  electropolishing  in 
presence  of  0.25-50  mg  fluoride  per  liter,  zinc  is  deposited  on  the  electrode  surfaces  in  1-2  minutes  in  the  form 
of  individual  crystals  scattered  over  the  cathode  surface  (Fig.  2,  a,  b  ). 

In  these  conditions,  strongly  etched  electrodes  become  coated  with  a  continuous  layer  of  zinc  within  3 
minutes  after  the  start  of  electrolysis  (the  deposit  being  weakly  held  ) . 

In  presence  of  500  mg  fluoride  per  liter,  a  rolled  aluminum  surface  is  not  completely  coated  with  zinc 
after  1  minute.  A  continuous  zinc  deposit  is  formed  only  after  4  minutes.  Under  the  same  conditions,  with  an 
etched  and  electropolished  surface,  the  zinc  forms  a  continuous  layer  on  the  aluminum  cathode  and  is  very 
firmly  attached  to  it  (Fig.  2,  d  ). 

On  a  passivated  surface,  even  after  10  -20  minutes  of  electrolysis,  individual  zinc  crystals  rise  high  above 
the  electrode  surface  and  do  not  form  a  continuous  coating  on  the  cathode  (Fig.3,  a  and  b  ).  Strong  adhesion 
between  the  metals  could  not  be  obtained  with  this  surface. 
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Fig.  3.  Electrocrystallization  of  zinc  on  strongly  etched  and  passivated 
aluminum  surfaces. 

Electrolysis  time  10  minutes,  electrolyte  composition  (in  g/ liter )  ; 
zinc  60,  sulfuric  acid  98. 

a)  Without  fluoride,  b)  500  mg  fluoride  per  liter. 

These  results  and  the  photographs,  show  very  clearly  that  the  primary  oxide  film  is  very  easily  destroyed 
in  presence  of  fluoride;  the  film  formfed  as  the  result  of  rolling  is  much  more  resistant,  the  film  formed  in 
anodic  passivation  of  aluminum  being  the  most  resistant. 

If  the  aluminum  surface  is  covered  with  a  thin,  homogeneous  oxide  film,  in  presence  of  large  amounts 
of  fluoride  (500  mg/  liter )  a  zinc  deposit  covering  the  electrode  surface  in  a  continuous  layer  is  formed.  The 
oxide  film  dissolves  under  the  action  of  fluoride,  and  very  numerous  crystallization  centers  are  formed  at  the 
exposed  places.  The  zinc  deposit  formed  is  then  finely  crystalline  and  adheres  firmly  to  the  aluminum. 

In  presence  of  a  thick  oxide  film  on  the  aluminum,  the  film  is  dissolved  only  at  isolated  weak  points  un¬ 
der  the  action  of  fluoride,  and  these  become  crystallization  centers  for  zinc.  During  the  first  minutes  of 
electrolysis  the  remaining  main  mass  of  the  film  evidently  still  covers  the  electrode  surface  in  a  fairly  thick 
layer  and  prevents  formation  of  new  crystallization  centers. 

On  prolonged  electrolysis  the  initially  formed  zinc  crystals  continue  to  grow,  spread  laterally,  and  form 
a  continuous  zinc  layer.  The  zinc  is  held  on  the  cathode  by  isolated,  sparsely  distributed  zinc  crystals,  and 
therefore  there  is  no  difficulty  in  stripping  the  zinc  sheet  from  the  aluminum  cathode. 


SUMMARY 

1.  The  principal  factor  determining  adhesion  of  zinc  to  aluminum  is  absence  or  presence  of  an  oxide 
film  on  the  aluminum  surface. 

2.  When  an  aluminum  cathode  is  immersed  in  an  electrolyte  containing  fluoride  ions,  the  oxide  film 
on  the  electrode  surface  is  attacked  and  zinc  is  deposited  on  it.  While  the  film  remains  thick,  the  metals  will 
not  adhere.  Different  states  of  the  oxide  film  on  the  aluminum  surface  and  different  fluoride-ion  contents  lead 
to  different  rates  at  which  the  film  is  dissolved,  and  hence  to  differences  in  adhesion  between  the  metals. 

3.  Strong  adhesion  occurs  on  a  strongly  pitted  etched  aluminum  surface  in  presence  of  fluoride,  while 
no  adhesion  is  found  on  a  similar  but  passivated  surface  under  the  same  conditions.  On  an  electrolytically  pol¬ 
ished  mirror  surface  adhesion  occurs  only  in  presence  of  large  amounts  of  fluoride  (500  mg/  liter ). 

4.  During  the  first  few  minutes,  electrocrystallization  of  zinc  on  a  rolled,  passivated,  and  electropol- 
ished  aluminum  surface  occurs  in  the  form  of  isolated  acicular  crystals  which  gradually  spread  laterally  and 
form  a  continuous  deposit  of  zinc.  In  presence  of  >  100  mg  fluoride  ions  per  liter,  the  zinc  is  deposited  in  the 
form  of  a  layer  which  uniformly  covers  die  cadiode. 
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ELECTROLYTIC  COPPER  PLATING  FROM  AMMONIACAL  ELECTROLYTE 


FOR  LOCAL  PROTECTION  OF  THE  SURFACE  OF  STEEL  ARTICLES 
IN  THE  CEMENTATION  (CARBURIZATION)  PROCESS 

N.A.  Marchenko 

The  V  .1.  Lenin  Polytechnic  Institute,  Kharkov 

The  cementation  (carburization  )  process  followed  by  tempering  is  widely  used  in  technology  for  increas¬ 
ing  surface  hardness. 

The  conditions  of  the  cementation  process  -  high  temperature,  active  medium,  and  long  duration  -  place 
high  demands  on  the  quality  of  the  protection  of  the  portions  of  the  surface  which  are  not  to  be  hardened.  The 
most  rational  method  at  present  available  for  local  protection  during  cementation  is  by  application  of  a  layer 
of  copper  electrolytically  from  cyanide  electrolytes. 

Several  electrolytes  for  "cyanideless"  copper  plating  are  mentioned  in  the  literature  [1-3],  but  none  has 
been  widely  adopted  industrially  at  the  present  time.  Therefore  the  replacement  of  the  highly  poisonous,  inef¬ 
ficient,  and  unstable  cyanide  electrolytes  by  more  suitable  materials  continues  to  attract  the  attention  of  numer¬ 
ous  Investigators,  The  most  likely  replacement  of  cyanide  electrolytes  is  by  the  use  of  complex  compounds, 
solutions  of  which  do  not  cause  formation  of  "contact  copper"  on  immersed  iron  articles. 

This  condition  is  satisfied  by  ammoniacal  electrolytes  in  which,  according  to  Stabrovskyi  data  [4],  the 
decomposition  constant  of  complex  Cu  (NH8)4^^  ions  is  4,85  •  10"^®,  and  the  reversible  electrode  potential  is 
0.080  V. 

EXPERIMENTAL 

The  starting  material  for  formation  of  the  cuprammonium  complex  was  copper  sulfate,  to  which  25% 
ammonia  solution  was  added,  an  excess  being  used  to  increase  the  stability  of  the  complex. 

Sulfates  of  sodium  and  ammonium  were  added  to  increase  the  conductance  of  the  electrolyte,  and  nickel 
sulfate  to  improve  the  stmcture  of  the  deposit  [5,  6], 

Details  of  the  electrolytes  studied  are  given  in  Table  1. 

The  influence  of  variations  of  concentration  on  copper  deposition  was  studied  by  means  of  polarization 
curves  determined  by  the  usual  compensation  method. 

The  reference  electrode  was  a  saturated  calomel  half-cell,  tlie  potential  of  which  was  taken  as  e  = 
0,2415-0.00076  (t-25  ).  The  deposits  were  formed  on  one  side  of  iron  plates  20  x  20  mm  used  as  cathodes. 

The  other  side  of  each  cathode  was  coated  witli  polyvinyl  chloride  lacquer.  Nickel  plates  were  used  as  anodes. 

The  cell  capacity  was  200  ml.  The  experimental  results  for  different  electrolytes,  in  the  form  of  cathode 
potential  —  current  density  curves,  are  given  in  Figs,  1-4. 

The  deposition  of  copper  from  ammoniacal  electrolytes  occurs  at  a  negative  potential,  the  value  of  which 
depends  sharply  on  the  copper  sulfate  concentration  in  the  electrolyte. 

The  presenee  of  ammonium  sulfate  also  greatly  influenees  the  nature  of  the  polarization  curves  and  the 
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discharge  potential.  The  discharge  potential  is  shifted  in  the  negative  direction  witli  increasing  ammonium 
sulfate  concentration.  The  influence  of  sodium  sulfate  concentration  is  considerably  less  than  that  of  ammonium 
sulfate. 


TABLE  1 

Composition  of  the  Electrolytes 


Electro  - 
lyte  No, 

Component  concentrations  ( in  g/  liter) 

CuSO,  •  511,0 

NISO4  •  711,0 

Na, SO,  1011,0 

(NH,),SO, 

ammonia 
(in  ml/ liter) 

1 

240 

20 

40 

80 

640 

2 

160 

20 

40 

80 

360 

3 

80 

20 

40 

80 

180 

4 

40 

20 

40 

80 

90 

6 

80 

20 

40 

160 

180 

6 

80 

20 

40 

40 

180 

7 

80 

20 

40 

— 

180 

8 

80 

20 

160 

80 

180 

9 

80 

20 

80 

80 

180 

10 

80 

20 

— 

80 

180 

11 

80 

20 

40 

80 

200 

12 

80 

20 

40 

80 

160 

13 

80 

20 

40 

80 

140 

14 

80 

20 

40 

80 

120 

Fig,  1,  Variation  of  cathode  potential 
with  concentration  of  copper  sulfate  in 
the  electrolyte. 

A)  Current  density  (in  amp  /  dm*  ), 

B)  cathode  potential  (in  v  ) . 

Concentration  of  CUSO4  •  5H2O  (in  g/ liter); 
1)  240,  2)  160  ,  3)  80  ,  4)  40. 


/t 


Fig.  2.  Variation  of  cathode  potential  with  am¬ 
monium  sulfate  concentration. 

A)  Current  density  (in  amp /dm*),  B)  cathode 
potential  (inv). 

Concentration  of  (NH4)2S04  (in  g/ liter);  1) 
without  ammonium  sulfate,  2)  40,  3)  80  ,  4) 
160. 


Cathode  polarization  increases  with  increasing  ammonia  concentration. 

Nearly  all  the  curves  have  two  inflexions;  this  is  not  related  to  hydrogen  evolution,  as  this  does  not  oc¬ 
cur  in  deposition  of  copper  from  ammoniacal  electrolytes. 

The  working  current  densities  for  all  the  electrolytes  (Table  1 )  were  found  for  30  minutes  of  electrolysis. 
All  the  determinations  were  made  in  a  thermostat  at  a  constant  temperature  of  20", 
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The  current  efficiency  was  determined  gravimetrically  by  means  of  a  copper  coulometer  in  the  cell  cir¬ 
cuit,  at  various  current  densities.  Iron  plates  20  x  20  mm  were  used  as  the  cathodes.  Nickel  plates  were  used 
in  determinations  of  the  working  current  densities  and  cathode  current  efficiencies.  In  determinations  of  anode 
current  efficiencies,  a  copper  anode  was  placed  between  the  cathodes. 

The  working  current  density  is  primarily  determined  by  the  copper  sulfate  concentration;  ammonium 
and  sodium  sulfates  have  almost  no  effect. 


Good  deposits  are  formed  in  the  following  current  density  ranges*  electrolyte  No.  1,  6-7  amp  /  dm*  , 
electrolyte  No,  4,  0,7-1  amp  /  dm*  ,  the  other  electrolytes,  2-3  amp  /  dm*. 


A 


Fig.  3.  Variation  of  cathode  potential  with  sodium 
sulfate  concentration, 

A)  Current  density  (in  amp /dm*),  B)  cathode 
potential  (inv). 

Concentration  of  Na2S04  ••  10  H2O  (in  g/ liter)  ; 
1)  without  sodium  sulfate,  2)  40,  3)  80,  4)  160. 


A  characteristic  feature  of  the  depo¬ 
sition  of  copper  from  ammoniacal  electro¬ 
lytes  is  that,  below  a  certain  current  density 
for  each  electrolyte,  a  cathode  deposit /s  not 
formed.  An  explanation  for  this  is  tliat  below 
these  values  the  rate  of  solution  of  the  copper 
is  greater  than  the  rate  of  its  deposition. 

The  rate  of  solution  depends  on  the 
concentration  of  free  ammonia  in  the  elec¬ 
trolyte.  Thus,  in  electrolyte  No.  1,  containing 
230  ml  free  ammonia  per  liter  (25ojo),  a  de¬ 
posit  only  begins  to  form  at  a  current  density 
of  2  amp  /  dm*,  but  in  electrolyte  No.  4, 
containing  20  ml  free  ammonia  per  liter,  the 
cathode  is  completely  covered  even  at  1  amp 
/dm*. 

The  effects  of  current  density  on  the 
cathode  and  anode  current  efficiencies  are 
given  in  Tables  2  and  3. 


Fig.  4,  Variation  of  cathode  potential  with  ammonia 
concentration. 

A)  Current  density  (in  amp /dm*),  EO  cathode  po¬ 
tential  ( in  V  ) . 

Concentration  of  ammonia  (in  ml/ liter );  1)  120, 
2)  140,  3)  160,  4)  180,  5)  200. 


The  cathode  current  efficiency  in¬ 
creases  with  current  density  for  all  the  elec¬ 
trolytes,  and  in  some  cases  it  decreases  some¬ 
what  after  a  maximum  current  value,  which 
is  probably  caused  by  an  increase  of  the  ca¬ 
thode  area. 

In  the  working  current  density  range, 
the  current  efficiency  is  higher  for  electrolytes 
with  lower  free  ammonia  contents. 

The  anode  current  efficiency  was  de¬ 
termined  for  electrolyte  Nos,  3,  11,  and  14, 
which  differed  only  in  their  free  ammonia 
contents. 


The  results  of  the  experiments,  given 
in  Table  3,  show  that  the  anode  current  ef¬ 
ficiency  greatly  depends  on  the  free  ammonia 
content  and  the  anode  current  density,  the 
anode  current  efficiency  being  higher  with 
greater  ammonia  concentration  and  with  lower  polarizatjion  of  the  anode. 


The  uniformity  of  metal  distribution  over  the  coated  surface  was  measured  by  means  of  an  apparatus 
with  three  cathode’s  connected  in  parallel,  which  represented  different  cathodic  regions  of  the  same  article. 

The  cathodes  were  iron,  20  x  20  mm.  The  electrolytic  cell  was  a  rectangular  tank  84  x  140  x  77  mm. 
The  distance  between  the  cathodes  and  between  the  anode  and  the  nearest  cathode  was  40  mm. 
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TABLE  2 

Cathode  Current  Efficiency  as  a  Function  of  the  Current  Density 


Cathode 

current 

density 

(amp/dm*) 

1  Cathode  current  efficiency  (in  <7o)  for  electrolytes 

JVV  1 

!  M  2 

i 

J^*3 

JW  4 

JM4  11 

JV4  14 

0.6 

i 

71 

_ 

1 

— 

— 

— 

84 

— 

— 

1.26 

— 

— 

— 

94 

— 

— 

1.6 

— 

— 

46 

92 

20 

80 

2 

— 

— 

70 

87 

60 

— 

2.6 

— 

— 

91 

— 

74 

96 

9 

84 

— 

88 

— 

97 

— 

8.6 

— 

63 

87 

— 

— 

— 

4 

61 

— 

86 

— 

— 

90 

4.6 

— 

88 

— 

— 

— 

— 

6 

76 

— 

— 

— 

— 

— 

6 

88 

92 

— 

_ 

— 

■  — 

7 

90 

— 

— 

— 

TABLE  3 

Anode  Current  Efficiency  (  tj  )  and  External  Appearance 
of  the  Anode  at  Various  Current  Densities 


A  1  ■External  appearance  oi  anode  and  anode  current 

I  effic.  (%)  for  electrolytes _ _ 


density  , 
(amp/anf 

3 

M  11 

14 

1 

1 

1.6 

Slightly  coated 
with  mud, 246 
Coated  with 
black  mud ,  200 

•lightly  coated 
with  black  mud, 

290 

Slightly  coated 
with  hydroxide, 

104 

2 

Slightly  coated 
with  hydroxide, 
101 

— 

2.6 

Coated  with 
hydroxide,  102 

Bright  and  clean 
2m 

Strongly  coated 
with  hydroxide, 101 

3 

Coated  with  hy¬ 
droxide,  101 

Bright  and 

Clean,  200 

In  each  determination  the  electrolysis  was  continued  for  30  minutes,  and  the  weight  increase  of  each 
cathode  was  then  found  separately.  The  results  were  used  to  calculate  the  weight  increase  of  each  cathode 
as  a  percentage  of  the  total  weight  increase,  taken  as  100®/n. 

The  uniformity  of  metal  deposition  was  measured  for  electrolytes  No,  1-4,  7,  9,  10  and  14, 

In  addition,  the  uniformity  of  metal  deposition  was  compared  for  acid  and  cyanide  copper  plating  elec¬ 
trolytes  of  the  following  compositions  (in  g/ liter):  1)  acid  electrolyte  -  CUSO4  •  SHjO  200,  H2SO4  30,  2  ) 
cyanide  electrolyte  -  CuCN  40,  NaCN  55,  NaOH  15. 

The  data  on  uniformity  of  metal  distribution  are  given  in  Table  4, 

The  uniformity  of  distribution  is  greatly  influenced  by  the  copper  sulfate  concentration;  at  240  g  per 
liter  only  2%  of  the  total  metal  is  deposited  on  the  most  distant  cathode,  so  that  tlie  distribution  of  the  metal  is 
much  less  uniform  than  in  acid  electrolyte. 

At  copper  sulfate  concentration  of  40  g/ liter  the  metal  distribution  is  almost  the  same  as  in  cyanide  elec¬ 
trolyte. 
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TABLE  4 

Results  of  Determinations  of  Uniformity  of  Metal  Distribution 


Electrolyte  No. 

Current 

density 

(in  Y"P-/ 
dm 

Distribution  (in  <yo)  on  cathodes: 

I 

II 

III 

1 

6 

76 

22 

2 

2 

4 

68 

20 

12 

3 

1.5 

47.9 

30.8 

21.3 

4 

1 

41.4 

31.1 

28.5 

7 

1.5 

59 

30 

11 

9 

1.5 

44.2 

32.1 

25.7 

10 

1.5 

49.1 

31 

19.9 

14 

1.5 

62.8 

28.3 

8.9 

Acid  copper 

1.5 

65 

22 

13 

Cyanide  copper 

0.5 

37.0 

31.5 

31.5 

Additions  of  ammonium  and  sodium  sulfates 
greatly  influence  the  uniformity  of  distribution;  the 
uniformity  is  better  at  higher  concentrations,  with 
ammonium  sulfate  exerting  the  greater  influence. 

The  concentration  of  free  ammonia  also  in¬ 
fluences  the  uniformity  of  distribution;  thus,  in  an 
electrolyte  without  free  ammonia  the  uniformity  is 
almost  the  same  as  in  acid  copper  electrolyte  on  ad¬ 
dition  of  60  ml/  liter;  if  the  other  components  are 
unchanged,  the  uniformity  is  improved. 

The  porosity,  in  relation  to  the  thickness  of 
the  deposit,  was  determined  by  the  ferroxyl  method. 

The  tests  were  performed  on  machine  parts 
undergoing  cementation,  with  surface  treatments 
required  by  the  factory  technical  conditions. 

As  it  had  been  found  that  additions  of  nickel 
sulfate  lead  to  the  formation  of  a  finely  granular 
structure,  the  porosity  tests  were  performed  on  deposits 
obtained  from  electrolytes  containing  various  amounts 
of  nickel  sulfate  (  from  4  to  20  g  ). 

great  influence  on  the  porosity  of  the  deposits;  this  is  seen 

To  test  the  protective  properties  of  copper  deposits  during  the  cementation  process,  ST -20  specimens 
were  coated  with  copper  from  electrolytes  without  nickel  sulfate  and  with  15  g  nickel  sulfate  per  liter. 

The  specimens  were  treated  in  a  solid  carburizing  agent  to  give  a  cementation  layer  from  0.8  to  1.4  mm 
deep,  and  in  gas  to  give  a  layer  0.9  to  2.2  mm  deep. 

The  results  of  these  experiments  are  given  in  Table  5. 

The  copper  coating  remained  firmly  attached  to  the  base  metal  after  heat  treatment  on  all  the  specimens. 
Metallographic  investigations  showed  that  the  required  depth  of  carburization  was  maintained. 

Addition  of  nickel  sulfate  to  the  electrolyte  improves  the  protective  qualities  of  copper  coatings. 


A 


Fig.  5.  Effect  of  nickel  sulfate  content  on 
porosity  of  the  deposits. 

A)  Number  of  pores  per  1  cm*,  B)  thick¬ 
ness  of  coating  (in  fi  ). 

Concentration  of  NiS04  •  7H2O  (in  g/ liter); 
1)  without  nickel  sulfate,  2)  4,  3)  7,  4) 
10,  5)  14,  6)  20. 

The  results  confirm  that  nickel  sulfate  has  a 
in  Fig.  5. 
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TABLE  6 

Protective  Thickness  of  Copper 


Depth  of 

Thickness  of  deposit  ( in 

M  )  from  electrolyte 

carburized 

layer 

without  nickel  sulfate  | 

with  nickel  sulfate 

solid 

carburizing 

gas 

carburizing 

solid 

carburizing 

gas 

carburizing 

0.8 

15 

10 

_ 

0.9 

—  ■ 

40 

— 

25 

1.1 

— 

48 

— 

80 

1.2 

20 

— 

12 

— 

1.4 

80 

47 

16 

85 

2.2 

BO 

(puncture  on 
thread) 

60 

SUMMARY 

Ammoniacal  electrolytes  can  be  successfully  used  for  direct  copper  plating  of  steel  parts  for  local  pro¬ 
tection  of  the  surface  against  carburization. 

As  the  result  6f  the  investigation,  an  electrolyte  of  the  following  composition  (in  g/ liter )  may  be  re¬ 
commended:  CUSO4  •  5H,0  90-80,  NiS04  •  7HjO  16-20,  (NH4)iS04  80,  Na2S04  .  lOHtO  80  and  ammonia 
(257o)  180  ml/ liter. 

Operating  conditions;  room  temperature,  cathode  current  density  2-3  amp  /  dm*,  anode  current  density 
with  soluble  copper  anodes  2-3  amp  /  dm*.  Insoluble  nickel  anodes  can  also  be  used.  Cathode  current  efficiency 
90-95%.  This  electrolyte  has  been  adopted  for  use  at  the  Kharkov  tractor,  tractor  assembly,  and  automobile  re¬ 
pair  works. 
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ATMOSPHERIC  CORROSION  OF  METALS  AT  LOW  TEMPERATURES 


A. A.  Dychko  and  K.A.  Dychko 


Much  work  is  being  done  at  the  present  time  on  the  utilization  of  the  northern  regions  of  our  land.  This 
raises  new  problems  relating  to  the  protection  of  metals  against  corrosion  at  low  temperatures. 

Studies  of  atmospheric  corrosion  at  low  temperatures  are  of  great  interest  in  this  connection.  It  should 
be  pointed  out  that  the  mechanism  of  the  influence  of  low  temperatures  on  atmospheric  corrosion  has  not  yet 
been  investigated.  As  far  as  we  know  several  papers,  mainly  of  an  experimental  nature,  deal  with  this  question. 
One  of  these,  by  Vernon  [1],  as  will  be  shown  later,  contains  an  inaccuracy*  it  is  stated  that  corrosion  is  more 
rapid  in  winter  than  in  summer. 


EXPERIMENTAL 

To  study  the  mechanism  of  the  influence  of  low  temperature  on  the  course  and  nature  of  atmospheric 
corrosion,  experiments  were  carried  out  in  atmospheric  conditions,  visual  observations  were  made  on  metallic 
surfaces  of  machine  parts  in  use*  and  theoretical  investigations  were  performed. 

In  the  method  used  for  studying  die  effect  of  temperature  on  the  rate  of  atmospheric  corrosion,  flat  and 
round  samples  with  freshly  cleaned  surfaces  were  exposed  to  the  atmosphere  in  summer  and  winter  at  definite 
temperatures.  The  rate  of  atmospheric  corrosion  was  determined  qualitatively  and  quantitatively  from  the 
weight  losses  or  increases  and  changes  in  thickness  of  the  specimens.  Visual  observations  were  also  made. 

The  results  of  the  experimental  investigations  are  given  in  Fig.  1.  It  is  seen  from  Fig.  1  that  at  tem¬ 
peratures  above  zero  the  atmospheric  corrosion  rate  of  calcium  Babbitt  is  higher  than  that  of  cast  iron,  and 
that  of  the  latter,  higher  than  of  steel.  The  atmospheric  corrosion  rate  rises  somewhat  with  decrease  of  tem¬ 
perature;  at  -  25*  it  teaches  a  critical  value  and  falls  sharply,  approaching  zero  at  -  46*. 

Thus,  the  rate  of  atmospheric  corrosion  of  metals  at  temperatures  below  -  26*  is  considerably  lower 
than  at  temperatures  above  zero.  This  suggests  that  the  mechanism  of  atmospheric  corrosion  at  low  temperatures 
differs  significantly  from  that  at  temperatures  above  zero. 

The  variations  of  relative  atmospheric  humidity  with  the  temperatures  at  which  the  tests  were  made  are 
shown  in  Fig.  2.  Fig.  2  shows  that  the  relative  humidity  is  high  at  low  temperatures,  but  it  does  not  exert  the 
same  influence  on  corrosion  as  at  temperatures  above  zero  [2-4],  This  is  primarily  explained  by  the  fact  that 
the  absolute  humidity  of  saturated  air  falls  sharply  with  decrease  of  temperature,  and  the  moisture  content  of 
the  air  becomes  very  low.  Moreover,  at  low  temperatures  the  possibility  of  precipitation  of  water  drops 
from  the  atmosphere  is  excluded,  irrespective  of  the  relative  humidity. 

All  these  factors  restrict  the  atmospheric  corrosion  of  metals  at  low  temperatures. 

Atmospheric  corrosion  of  iron  in  presence  of  water  occurs  according  to  the  equation; 

4Fe  +  6H,0  +  30,  =  4  Fe  (OH),  . 

If  water  in  droplet  form  is  absent  at  low  temperatures,  iron  is  not  oxidized  by  atmospheric  oxygen, 
while  the  reaction  2Fe  +  O,  =  2FeO  is  possible  only  at  temperatures  above  zero, 

•  Low  temperatures  are  considered  to  be  temperatures  below  -  25*, 
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Fig.  1.  Curves  for  atmospheric  corrosion  at 
various  temperatures. 

A)  Weight  increase  (  in  mg/  cm^hour)  , 

B)  temperature  ("Q. 

Specimens;  1)  Babbitt  (BK),  2)  cast  iron 
(SCh-12-28),  3)  steel  (St-3). 


Fig.  2.  Effect  of  temperature  on  the  ab¬ 
solute  moisture  content  of  1  m*  of  air 
(1 ),  maximum  (2  )  and  minimum  (  3  ) 
relative  humidity  of  air,  and  maximum 
(4)  and  minimum  (5)  actual  moisture 
contents  of  in  1  m®  of  air. 

A)  Relative  humidity  of  the  air  (in  %), 

B)  moisture  content  (in  g/m*  ),  C)  tem¬ 
perature  ("C). 


All  this  is  confirmed  by  the  fact  that  at  +20*  the  surface  of  a  steel  specimen  covered  by  moisture  direct¬ 
ly  precipitated  as  rain  becomes  covered  with  mst  after  2  hours,  while  at  -30*  the  surface  of  a  specimen  cover¬ 
ed  by  snowflakes  directly  precipitated  as  snow  shows  no  sign  of  corrosion. 

In  studies  of  the  behavior  of  metals  in  the  air  at  low  temperatures  it  is  also  necessary  to  take  into  account 
that  when  water  in  the  corrosion  products  is  converted  into  ice,  these  products  become  more  dense  and  form  a 
substantial  barrier  to  the  oxygen  molecules  and  surface  metal  atoms,  so  that  diffusion  in  both  directions  is  greatly 
retarded  at  low  temperatures. 

Diffusion  is  most  closely  allied  to  the  chemical  reaction  rate,  which,  as  we  know,  depends  on  the  tem¬ 
perature  and  can  be  represented  by  the  equation* 

_ ^ 

Vg  =  ke  , 


where  Vg  is  the  chemical  reaction  rate,  k  and  b  are  constants,  T  is  the  absolute  temperature,  and  e  is  the  base 
of  natural  logarithms. 

This  shows  that  the  rate  of  chemical  reaction  deci;eases  with  decreasing  temperature  and  therefore  the 
probability  of  corrosion  on  metal  surfaces  is  diminished. 

Nature  itself  exerts  a  favorable  influence  on  retardation  of  corrosion  at  low  temperatures,  as  corrosive 
gases  are  removed  from  the  atmosphere  with  decrease  of  temperature.  For  example,  at  -  10*  sulfur  dioxide  is 
precipitated  from  the  atmosphere  in  the  form  of  minute  droplets;  therefore  at  low  temperatures  the  air  contains 
less  sulfur  dioxide,  which  is  a  chemically  active  substance,  especially  in  presence  of  water. 

Sulfur  dioxide  is  readily  soluble  in  water  and  partially  reacts  with  it  to  form  sulfurous  acid 


SO2+  H20;Z2  HjSOj, 

which  actively  absorbs  oxygen  from  the  air  and  is  fairly  rapidly  converted  into  sulfuric  acid 

2H2SO3  +  02=  2H2SO4. 


Sulfuric  acid  avidly  absorbs  water  vapor  from  the  atmosphere,  which  is  extremely  important  for  a  con 
tinuous  corrosion  process  on  the  metal  surface.  Thus,  if  the  atmosphere  contains  SO2,  and  if  a  thin  film  of 
moisture  is  present  on  the  iron  surface,  oxidation  of  iron  may  proceed  according  to  the  equation 

2Fe  +  (H2O  +  S02)2  +02  =  2FeS04  +  2H2. 
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At  low  temperatures,  when  there  is  no  water  in  liquid  droplet 
form  on  the  metal  surface,  reaction  between  sulfur  dioxide  and  iron 
according  to  the  equation 

2l'e  +  2SO,  +  20j  =  2FeS04 

cannot  occur,  as  this  reaction  is  possible  only  at  high  positive  tem¬ 
peratures. 

Thus,  in  absence  of  moisture,  sulfur  dioxide  does  not  cause 
atmospheric  corrosion  to  any  practical  extent.  However,  if  moisture 
and  sulfur  dioxide  are  present  in  suitable  quantities,  rapid  atmospher¬ 
ic  corrosion  is  possible. 

This  is  confirmed  by  the  work  of  Vernon  [6]  who  showed,  in 
a  study  of  the  atmospheric  corrosion  of  copper,  that  sulfur  dioxide 
does  not  cause  appreciable  corrosion  in  absence  of  moisture.  The 
corrosive  action  of  sulfur  dioxide  remains  inhibited  so  long  as  the 
the  relative  humidity  of  the  air  is  below  63«yo.  However,  if  the  re¬ 
lative  humidity  rises  to  the  corrosion  becomes  very  strong,  and 
increases  widi  the  sulfur  dioxide  content.  Some  of  Vernon’s  curves 
are  shown  in  Fig.  3. 

Atmospheric  air  contains  greatly  varying  amounts  of  dust,  less  in  winter  than  in  summer  [6].  This  dust 
tends  to  increase  the  rate  of  atmospheric  corrosion'.  For  example,  particles  of  salts  [  (NH4)jS04,  NaCl  ]  are  in 
themselves  corrosive;  carbon  particles,  which  are  not  corrosive  in  themselves,  strongly  adsorb  corrosive  gases, 
especially  SO2,  from  the  air. 

Particles  of  carbon  and  of  certain  salts  in  the  air  are  hygroscopic,  and  at  points  where  they  settle  on  met¬ 
als  moist  films  are  formed,  which  tend  to  activate  atmospheric  corrosion.  Evidently  the  retardation  of  the  rate 
of  atmospheric  corrosion  at  low  tefnperatures  is  largely  caused  by  the  fact  that  the  air  contains  less  mechanical 
impurities,  which  assist  the  adsorption  of  moisture  and  SO|'  from  the  air  on  the  metal  surface. 

The  air  in  large  industrial  centers  is  found  to  have  a  higher  content  of  carbon  dioxide;  in  absence  of 
water  in  liquid  droplet  form  this  may  have  a  favorable  effect  in  retarding  corrosion  at  low  temperatures.  Vernon 
[7]  showed  that  in  unsaturated  and  supersaturated  atmospheres  (in  absence  of  visible  water  droplets )  carbon 
dioxide  considerably  reduces  the  corrosion  rate.  Vernon  states  that  it  probably  alters  the  character  of  the  rust 
and  makes  it  more  protective. 


Fig.  3.  Corrosion  of  copper 
in  air  containing  I0<yo  sulfur 
dioxide  at  various  humidities 
(after  Vernon  [5]). 

A)  Weight  increase  ( in  mg/ 
cm*),  B)  time  (days). 
Relative  humidity  {ojo  )  :  1) 
60,  2)  63,  3)  75,  4)  99. 


Extension 


CompB>,slon 

Metal  I  - 

I  Extension 

Fig.  4.  Stressed  state  of  metal  and 
film. 

For  a  general  characterization  of  the  influence  of  low  temperatures  on  corrosion,  we  studied  the  inter¬ 
action  between  films  and  metals  in  relation  to  the  temperature. 

During  metallic  corrosion,  compressive  stresses  and  forces  which  tend  to  detach  the  film  from  the  metal 
arise  in  the  film,  while  the  base  metal,  being  fairly  firmly  attached  to  the  film,  undergoes  extension  stresses 
(Fig.  4). 

The  maximum  value  of  the  corrosion  stresses  in  the  film  and  metal  will  be  greater  with  greater  specific 


Compression 

Extension 


Fig.  5.  Stressed  state  of  film  and 
metal. 
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volume  of  the  film  relative  to  the  metal,  with  greater  film  thickness,  greater  height  of  metal  surface  roughness, 
greater  film  strength,  and  greater  forces  of  adhesion  between  the  film  and  the  metal. 

On  decrease  of  temperature  thermal  stresses  arise  in  the  film  and  the  metal  because  the  coefficient  of 
linear  expansion  of  the  film  is  less  than  that  of  the  metal.  Moreover,  as  the  temperature  decreases,  the  water 
in  the  film  is  converted  into  ice,  thus  increasing  the  volume  of  the  film  while  the  volume  of  the  metal  decreases. 

The  formation  of  compressive  stresses  in  the  film  and  of  tensile  stresses  in  the  metal  is  confirmed  by  the 
fact  that  a  thin  plate  with  a  film  on  one  side  bends  at  low  temperatures,  as  shown  in  Fig.  5.  The  maximum 
curvature  of  the  plate  is  directly  related  to  the  existence  of  a  transitional  zone  between  the  film  and  the  metal. 
With  a  sharp  boundary  between  the  film  and  the  metal,  the  film  has  a  smaller  tendency  to  cause  curvature  of 


the  specimen  at  low  temperatures,  as  in  this  case  the  film 


h 


Fig.  6.  Stress  distribution  in  a  specimen 
after  corrosion  in  the  bent  state  at  low 
temperatures. 

A)  Extension  (in  kg/ cm*),  B)  compression 
(in  kg/ cm*),  h)  thickness  of  specimen 
(in  cm  ). 

Distribution  of  stresses  arising  from: 

1)  corrosion,  2)  low  temperature;  3)  re¬ 
sultant  distribution  of  stresses  caused  by  co¬ 
rrosion  and  low  temperature  ;  4)  stress 
distribution  on  bending,  Q  resultant  dis¬ 
tribution  of  stresses  in  a  specimen  corroding 
in  the  bent  state  at  low  temperature. 


tends  to  detach  itself  from  the  metal. 

If  the  internal  stresses  in  the  film  exceed  its 
strength,  cracks  appear  in  it,  which  may  serve  as  sites 
for  corrosive  crack  formation  in  the  metal. 

If  the  film  is  fairly  strong,  large  corrosion  and 
thermal  stresses  arise  in  it  and  in  the  metal;  these  may 
be  added  to  the  stresses  caused  by  external  loads,  and 
as  a  result  the  maximum  extension  stresses  occur  at 
some  distance  from  the  film  surface  (Fig.  6 ).  It 
follows  that  the  film  carries  the  site  of  attack  from 
the  surface  into  deeper  layers,  and  this  leads  to  crack 
formation  in  the  intermediate  layer  or  directly  in  the 
metal.  If  it  is  taken  into  account  that  the  summit  of 
a  crack  facing  the  metal  lies  in  a  zone  of  greater 
extension  stresses  than  the  summit  of  a  crack  facing 
the  film,  it  is  seen  that  the  crack  will  tend  to  pene¬ 
trate  progressively  into  the  metal.  Here  the  crack 
may  fork  and  deviate  somewhat  from  a  straight  path; 
this  is  determined  by  the  structure  of  the  metal  and 
by  the  presence  of  earlier  cracks,  faults,  and  inclusions, 
as  shown  in  Fig.  7,  b,  c,  for  consecutive  stages  of 
crack  development. 

As  a  result,  a  series  of  cracks  is  formed  in  the 
metal;  these  greatly  decrease  the  plasticity  of  the 
metal  and  make  it  brittle. 


Thus,  corrosion  cracks  may  arise  in  the  metal 
under  the  film;  this  is  confirmed  by  laboratory  and 
operational  data.  For  example,  the  outer  shells  of 
airplanes  operating  in  the  Far  North  were  sometimes 
corroded,  and,  despite  a  satisfactory  external  ap¬ 
pearance,  the  Duralumin  sheet  can  be  easily  broken 
into  small  pieces  by  hand  [8], 

The  relationships  between  temperature,  phy¬ 
sical  properties  Of  the  film,  and  corrosion  rate  were 
studied  on  copper  specimens  in  a  town  atmosphere, 
where  the  specimens  began  to  corrode  at  different 
times  of  the  year.  The  results  of  these  investigations 
are  shown  in  Fig.  8.  The  summer  specimen  began  to 
corrode  in  summer  at  a  positive  temperature,  and  its 
corrosion  continued  in  winter  at  low  temperatures.  The  winter  specimen  began  to  corrode  in  winter  at  a  low 
temperature,  and  continued  to  corrode  in  summer  at  a  positive  temperature^ 

The  corrosion  curve  for  the  summer  specimen  is  in  the  form  of  a  parabola,  which  indicates  that  the  film 


Fig.  7.  Growth  of  corrosion 
crack  in  a  metal  under  the 
film. 


exterted  a  protective  effect.  The  curve  for  the  winter  specimen  shows  approximately  hyperbolic  variation  of 
the  corrosion  process,  indicating  progressive  corrosion  of  the  winter  specimen  under  summer  conditions.  This 
behavior  of  the  summer  and  winter  specimens  is  largely  caused  by  the  state  of  their  films,  as  the  chemical 
process  of  metal  corrosion  is  intimately  associated  with  the  diffusion  rate,  which  depends  on  the  continuity  of 
the  film.  If  the  film  is  not  continuous  but  covers  only  isolated  regions  of  the  metal,  or  if  it  is  penetrated  by  a 
network  of  large  cracks  and  cavities,  it  evidently  has  only  a  weak  protective  effect  and  the  rate  of  diffusion 
through  it  is  higiier,  and  therefore  corrosion  of  such  specimens  is  more  rapid  than  that  of  specimens  with  con¬ 
tinuous  films. 

Consequently,  the  corrosion  resistance  of  the  summer  specimen  may  increase  in  low -temperature  con¬ 
ditions  because  decrease  of  temperature  results  in  the  film  becoming  more  dense,  owing  to  the  different  phy¬ 
sical  properties  of  the  film  and  the  metal.  The  winter  specimen  becomes  less  resistant  to  corrosion  in  summer 
conditions,  as  rise  of  temperature  causes  cracking  of  the  film  because  of  the  different  coefficients  of  linear 
expansion  of  the  film  and  the  metal,  and  the  low  plasticity  of  the  film.  Thawing  of  ice  in  the  film  results  in 
especially  extensive  loosening  of  its  structure. 

Let  us  now  consider  the  effect  of  low  tem¬ 
peratures  on  electrochemical  atmospheric  corrosion. 

As  the  result  of  their  inhomogeneity,  micro - 
cells  are  formed  on  metal  surfaces;  in  such  a  micro - 
cell  the  metal  serves  as  the  anode,  the  other  com¬ 
ponents  (impurities)  act  as  cathodes,  while  the 
electrolyte  is  the  adsorbed  film  of  moisture,  contain¬ 
ing  ions,  sometimes  formed  by  dissociation  of  water 
itself  and  sometimes  resulting  from  saturation  of  the 
moisture  film  by  sulfur  dioxide  from  the  air. 

At  low  temperatures  the  probability  of  for¬ 
mation  of  an  adsorbed  moisture  film  saturated  with 
sulfur  dioxide  is  much  lower.  Decrease  of  the  thick¬ 
ness  of  the  moisture  film  raises  its  resistance,  while 
the  decrease  of  the  amount  of  sulfur  dioxide  dissolved 
in  it  lowers  its  conductance  and  may  thus  favor  a 
decrease  of  corrosion  currents.  With  a  decrease  of  the 
conductance  of  the  electrolyte  and  of  the  film  thickness,  the  spread  of  the  influence  of  inhomogeneities  in  the 
metal  specimen  itself  is  diminished. 

Moreover,  at  low  temperatures  electrochemical  corrosion  in  the  microcells  is  retarded,  as  the  specific 
conductance  of  aqueous  solutions  decreases  with  decrease  of  temperature  [9],  as  shown  by  the  formula 

Ut  -  Uisfl  +  a(t-18)  +  0.0177  (a- 0.0177)  (t -18)*  ]. 

where  Ut  and  Uu  are  the  conductances  at  t*  and  18*,  and  a  is  a  constant. 

Electrochemical  processes  at  metal  surfaces  can  also  be  retarded  at  low  temperatures, as  mobilities  of 
ions  in  a  viscous  medium  are  a  function  of  the  viscosity  of  the  medium,  while  the  viscosity  of  a  conducting 
solution  increases  with  fall  of  temperature.  Therefore,  because  of  the  increased  electrolyte  viscosity  with  fall 
of  temperature,  penetration  of  the  electrolyte  into  the  pores  of  the  surface  microcells  is  retarded;  a  smaller 
surface  area  of  the  microcell  electrodes  is  involved  in  die  electrolytic  processes,  and  the  electrochemical  ac¬ 
tion  on  the  metal  surface  is  retarded. 

This  is  confirmed  by  the  fact  that  the  corrosive  action  of  a  Sp/p  aqueous  solution  of  common  salt  on  a 
freshly  cleaned  steel  surface  varies  very  greatly  with  temperature.  It  is  found  experimentally  that  in  atmos¬ 
pheric  conditions  at  +  15”  5<7o  aqueous  common  salt  solution  causes  active  corrosion  of  the  steel  specimen 
surface,  while  at  -25“  the  bright  surface  of  the  steel  specimen  remains  almost  unchanged  under  a  piece  of 
frozen  5<yp  salt  solution. 


Fig.  8.  Comparison  of  atmospheric  corro¬ 
sion  curves  for  summer  and  winter  specimens. 
A)  Weight  increase  (in  mg/ cm*),  B)  time 
(days ). 

1)  Summer  conditions,  II)  winter  conditions. 
Specimens;  1)  summer,  2)  winter. 


Water  may  exert  an  active  corrosive  effect  if  it  is  in  the  liquid  state  and  if  it  contains,  in  addition  to 


its  own  and  OH"  ionst  also  extraneous  ions;  i.e.,  if  salts,  acids,  etc.,  are  dissolved  in  the  water.  It  is 
evident  that  atmospheric  corrosion  occurs  with  active  participation  of  aqueous  solutions  present  on  the  metal 
surfaces. 


However,  studies  of  the  mechanism. of  the  influence  of  solutions,  formed  on  metal  surfaces  under  atmos¬ 
pheric  conditions,  on  the  process  and  nature  of  corrosion,  because  of  the  complex  composition  of  the  aqueous 
solutions  and  their  irregular  distribution  over  the  metal  surfaces,  involve  considerable  difficulties,  especially  un¬ 
der  low  temperature  conditions.  In  order  to  shed  some  light  on  the  mechanism  of  these  complex  phenomena 
(which  can  perhaps  best  be  done  by  experiments  with  surfaces  covered  with  aqueous  solutions  of  known  chemical 
composition ),  a  study  was  made  of  the  effects  of  dqueous  sohitions  of  various  concentrations  on  the  corrosion 
process  at  low  temperatures.  It  was  shown  by  these  experiments  that  in  aqueous  solutions  above  eutectic  con¬ 
centrations  corrosion  is  retarded  with  fall  of  temperature,  while  in  solutions  below  eutectic  concentrations  corro¬ 
sion  increases  up  to  a  certain  temperature,  and  then  decreases  sharply.  This  effect  is  in  agreement  with  the 
processes  which  occur  in  solutions  on  decrease  of  temperature.  For  example,  when  an  aqueous  solution  of  com¬ 
mon  salt  above  eutectic  concentration  is  cooled,  salt  crystals  are  deposited,  the  concentration  of  the  remaining 
solution  decreases,  while  the  viscosity  increases  somewhat;  the  corrosion  process  is  therefore  retarded,  while 
at  the  eutectic  temperature  it  ceases  completely  owing  to  freezing  of  die  solution. 

The  situation  is  somewhat  different  when  an  aqueous  solution  below  eutectic  concentration  is  cooled; 
ice  crystals  separate  out,  the  concentration  of  the  remaining  solution  increases,  and  corrosion  increases  with 
decrease  of  temperature  until  the  solution  viscosity  reaches  a  critical  value,  after  which  the  corrosion  rate  be¬ 
gins  to  decrease,  and  at  the  eutectic  temperature  corrosion  ceases,  because  the  solution  freezes. 

In  experiments  on  the  influence  of  aqueous  solutions  on  the  corrosion  process  at  low  temperatures,  in- 
stancesof  local  corrosion  were  found.  This  may  be  explained  by  the  fact  that  an  aqueous  solution  below  the 
eutectic  concentration  deposits  ice  crystals  as  the  temperature  falls,  the  concentration  of  the  remaining  solution 
increases  while  the  amount  of  solution  diminishes  and  the  solution  is  therefore  distributed  in  small  spots  over  the 
metal  surface,  where  it  causes  local  corrosion. 

In  discussion  of  the  atmospheric  behavior  of  metals  at  low  temperatures  it  must  also  be  taken  into  account 
that  certain  internal  changes  in  the  metal  can  cause  self-retardation  of  the  corrosion  process  at  low  temperatures. 
For  example,  the  value  of  the  exit  function  for  metals  is  probably  somewhat  higher  at  low  temperatures,  as  in 
these  conditions  a  metal  ion  can  leave  the  metal  lattice  only  with  great  difficulty. 

Further,  the  lower  the  temperature  of  the  metal,  the  less  will  be  the  thermal  motion  of  its  ions,  and 
consequently  the  fewer  inhomogeneities  there  will  be  in  the  crystal  lattice  of  the  metal. 


A 


Fig.  9.  Comparison  of  curves  for  the 
variation  of  atmospheric  corrosion  with 
time  for  specimens  starting  to  corroide 
in  summer  (1)  and  winter  (2)  (after 
Vernon ). 

A)  Weight  increase  (in  mg/ dm*),  B) 
time  (days), 

1)  Summer  conditions,  II)  winter 
conditions. 


The  difference  of  the  "  electron  gas"  pressures  at 
the  contact  edge  between  electrodes  of  the  surface  micro - 
cells  will  be  less  at  low  temperatures,  as  diffusion  of  the 
electron  gas  is  proportional  to  tlie  absolute  temperature. 
The  same  applies  to  the  contact  difference  of  potential, 
which  counterbalances  this  pressure  difference. 


The  electrode  potential  of  the  surface  microcells 
decreases  with  fall  of  temperature,  as  is  shown  by  the 
formula 


„  RT.  ^  ,  RT . 


1^ 

where  -  is  the  electrical  gas  constant,  T  is  the  absolute 

temperature  of  the  solution,  n  is  the  valency  of  the  ion, 
c  is  the  solution  concentration,  and  K  is  the  equilibrium 


constant  for  the  process,  which  depends  on  the  tempera¬ 
ture  .  All  this  may  have  a  favorable  effect  in  retarding 
corrosion  processes  in  surface  microcells  at  low  tem¬ 


peratures. 


Thus,  theoretical  and  experimental  investigations  show  that  chemical  and  electrochemical  processes  at 
metal  surfaces  are  slower  at  low  temperatures  than  at  temperatures  above  zero. 

It  should  be  noted, how  ever,  that  in  winter  increased  corrosion  occurs  at  temperatures  between  0  and  -10* 
(Fig.  1 ):  the  same  effect  was  observed  by  Vernon  [1]  (Fig.  9  ).  However,  if  Vernon's  experiments  are  contin¬ 
ued  at  low  temperatures,  his  assertion  that  corrosion  is  more  rapid  in  winter  than  in  summer  will  prove  inaccurate, 
as  more  unfavorable  conditions  are  created  for  corrosion  in  winter  at  low  temperatures  than  in  summer. 

SUMMARY 

1.  The  results  of  experimental  and  theoretical  investigations,  together  with  literature  data,  have  shown 
that  atmospheric  corrosion  of  metals  in  winter  at  low  temperatures  is  slower  than  in  summer.  The  mechanism  of 
the  influence  of  low  temperatures  on  the  progressive  nature  of  atmospheric  corrosion  in  summer,  on  local  corro¬ 
sion,  and  on  the  formation  of  corrosion  cracks  in  the  metal  under  the  film  has  been  elucidated.  A  critical  tem¬ 
perature  of  -26*has  been  found,  below  which  atmospheric  corrosion  of  metals  is  sharply  retarded;  this  is  of  special 
interest  in  relation  to  the  use  of  machinery  in  regions  with  severe  winters,  and  to  a  number  of  other  problems  of 
great  technical  importance. 

2.  At  temperatures  below  -25*  the  probability  of  chemical  action  on  metal  surfaces  is  decreased,  be¬ 
cause  1  )  the  absolute  humidity  of  atmospheric  air  decreases  with  fall  of  temperature,  2)  moisture  is  deposited 
from  the  air  in  the  form  of  hoarfrost  and  snow,  which  are  less  corrosive  than  water  toward  metals;  3)  rapid, 
relative  moist  corrosion  passes  into  slow,  relatively  dry  corrosion;  4)  atmospheric  air  has  a  lower  content  of  the 
components  which  have  an  active  influence  on  metal  corrosion;  5)  the  protective  properties  of  films  are  in¬ 
creased,  as  the  films  become  denser  at  lower  temperatues  because  of  the  different  physical  properties  of  the  film 
and  the  metal;  6)  the  water  in  the  corrosion  products  is  converted  into  ice,  its  volume  increases,  the  products 
of  corrosion  become  more  dense  and  thus  effectively  block  bilateral  diffusion  of  atmospheric  molecules  and  sur¬ 
face  metal  atoms, 

3.  At  temperatures  below  -25"  the  electrochemical  processes  on  metal  surfaces  are  retarded,  because; 

1)  the  probability  of  formation  of  a  film  of  adsorbed  moisture  saturated  with  sulfur  dioxide  is  decreased;  2) 
the  viscosity  of  the  electrolyte  in  the  adsorbed  moisture  film  increases,  thus  decreasing  its  conductance;  3  ) 
the  moisture  film  becomes  thinner,  which  increases  its  resistance  to  the  corrosion  currents;  4)  the  electrode 
potential  of  the  metal  decreases;  5)  the  ion  exit  function  increases;  6)  diffusion  of  the  electron  gas  decreases; 
7)  the  electromotive  force  of  the  surface  microcells  decreases. 
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Fairly  considerable  experience  in  the  synthesis  and  applications  of  organosilicon  compounds  has  already 
been  gained  in  science  and  industry.  It  may  be  noted  that  the  most  complete  utilization  of  the  properties  of 
organosilicon  compounds  valuable  from  a  practical  standpoint  is  attained  when  they  are  used  in  conjunction  with 
various  classes  or  organic  and  inorganic  substances.  Therefore  further  studies  of  reactions  between  organosilicon 
and  inorganic  compounds  are  of  scientific  and  practical  importance. 

Certain  basic  laws  of  the  behavior  of  organosilicon  compounds  in  reactions  with  inorganic  compounds  have 
been  formulated  by  Kreshkov  and  his  associates  [1].  Essentially  these  laws  are  that,  for  many  compounds  of  the 
elements  in  the  ‘first  series  of  analogs  in  D.I.  Mendeleev's  periodic  system, reactions  of  silicate  formation  are 
typical;  for  the  middle  series,  reactions  in  which  mixed  compounds  are  formed;  and  for  the  last,  such  as  tin  or 
phosphorus,  exchange  reactions  (for  example,  esterification  reactions ),  However,  as  Kreshkov  points  out,  the 
most  probable  reaction  directions  described  by  him  do  not  exhaust  all  the  reaction  possibilities. 

Andrianov  et  al,  [2,  3]  studied  the  action  of  aqueous  solutions  of  salts  of  multivalent  metals  (Al,  Ti,  Sn, 
etc.)  on  certain  organosilicon  monomers.  In  these  reactions,  polyorganometallosiloxanes  are  formed  during 
Joint  hydrolysis. 

We  have  obtained  analogous  compounds  in  exchange  reactions  between  the  hydrolysis  products  of  organo¬ 
silicon  monomers  with  salts  of  multivalent  metals.  The  introduction  of  multivalent  metals  into  polyorganosiloxane 
molecules,  effected  in  this  instance  in  conditions  of  hydrolysis  in  an  acid  medium,  is  also  in  our  view  possible  by 
hydrolysis  in  alkaline  media. 

The  purpose  of  the  present  work  was  to  study  the  interaction  of  aqueous  sodium  aluminate  solutions  with 
alkylalkoxysilanes. 

The  alkylalkoxysilanes  CHjSi(OC2H6)s  and  (CH8)2Si(OC2H5)2  ,  and  aqueous  sodium  aluminate  solution, 
were  used  in  the  investigation, 

Aluminate  solutions,  according  to  Iskokdsky  [4] ,  occupy  an  intermediate  position  between  true  and 
colloidal  solutions.  Colloidal  particles  are  formed  in  aluminate  solutions  by  hydrolysis.  There  are  thus  several 
equilibria  in  an  aluminate  solution* 

NaA102-l-2H20  ^  NaOH+Al(OH)3 
True  solution 

NaAlOg  +  NaOH  +  Al(OH)3  NaOH  +  Al(OH)3  ^  NaOH  +  Al(0H)3 
1  sol  2  sol  gel 
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An  important  characteristic  of  aluminate  solutions  is  the  caustic  ratio  C.R.  (hi  moles).  Coag- 

AI2OS 

ulation  is  accelerated  by  decrease  of  the  caustic  ratio,  while  when  die  ratio  is  increased  A1  (01-1)3  sols  are  con¬ 
verted  into  true  aluminate  solutions. 

The  interaction  of  alkylalkoxysilanes  with  aqueous  sodium  aluminate  solutions  may  be  considered  in  two 
ways.  First,  hydrolysis  of  aluminates  by  water  sets  up  high  concentrations  of  OH'  ions  in  die  solutions,  and  these 
in  turn  hydrolyze  alkylalkoxysilanes  according  to  the  equation 

NaOH -f  R„Si(0R')4_«  R„Si(0R')3_„0Na  +  R'OH. 


Moreover,  removal  of  alkali  from  the  equilibrium  system 

NaAlOg  sol  of  A1(0H)3  in  NaOH 


causes  coagulation  of  the  sol  and  precipitation  of  Al(OH)3  gel.  The  Al(OH)8  gel  formed  by  coagulation  reacts 
with  alkylalkoxysilanes  to  give  polyorganometallosiloxanes. 

EXPERIMENTAL 

Starting  materials .  The  aqueous  sodium  aluminate  contained,  according  to  analytical  data,  21.9%  Na 
and  10.3%  Al. 

21.9  *  27 

The  caustic  ratio  C.R.  was  r— ^ .  =  2.6.  Methyltriethoxysilane,  CH3Si(OC2H5)8  and  dimethyl- 

JLU  *(3  * 

diethoxysilane,  (CH3)2Si(OC2H5)2  ,  were  synthesized. 

Synthesis  of  methyltriethoxysilane.  In  a  three-tlecked  flask  455.4  g  (9,9  moles)  of  absolute  C2H5OH 
was  placed  in  and  cooled  by  mixture  of  ice  and  salt,  448.5  g  (3.0  moles)  of  methyltrichlorosilane  was  then 
added  by  drops.  When  this  had  been  added  the  reaction  mixture  was  heated  for  about  three  hours,  the  tempera¬ 
ture  being  gradually  raised  to  55-60“.  1-2  g  of  metallic  sodium  were  then  dropped  into  the  reaction  flask  and  the 
mixture  was  stirred  for  about  half  an  hour.  The  resultant  mixture  was  fractionated.  The  yield  of  the  fraction 
boiling  in  the  range  149-151“  was  15-20%. 

Synthesis  of  dimethyldiethoxysilane.  The  method  was  analogous  to  the  foregoing.  404.8  g  (8.8  moles) 
of  absolute  alcohol  and  518  g  (4.00  moles)  of  (CH3)2SiCl2  were  taken  for  the  reaction.  The  yield  of  the  frac¬ 
tion  boiling  in  tiie  range  109-111“  was  about  20%. 

The  substituted  orthosilicic  acid  esters  were  mixed  with  aqueous  sodium  aluminate  solution  at  room 
temperature. 

In  many  instances  considerable  evolution  of  heat  was  observed  in  the  course  of  the  reaction.  The  reaction 
usually  occurred  in  several  stages.  Some  time  after  the  start  of  stirring  a  small  amount  of  precipitate  was  form¬ 
ed;  analysis  showed  this  to  be  aluminum  hydroxide.  If  stirring  was  stopped  at  this  stage,  the  mixture  separated 
into  two  liquid  phases,  consisting  of  the  almost  unchanged  starting  materials.  In  the  second  reaction  period  heat 
was  evolved  and  the  mixture  became  homogeneous.  This  was  immediately  followed  by  a  third  reaction  period, 
accompanied  by  final  phase  separation  and  formation  of  stable  solid  and  liquid  reaction  products. 

Significant  characteristics  of  the  course  of  interaction  were  the  beginning  and  end  of  visible  coagulation 
of  aluminum  hydroxide.  The  results  of  several  series  of  experiments  showed  that  they  were  closely  related  to  the 
functionality  of  the  organosilicon  compounds  used  in  the  reactions,  alkalinity  of  the  medium,  and  concentration 
of  the  added  aluminate.  The  influence  of  these  factors  on  the  coagulation  process  was  studied. 

Effect  of  the  proportions  of  the  reactants.  The  original  aluminate  solution  with  the  composition  Al  10.3% 
Na  21.9%  was  caused  to  react  with  both  alkylalkoxysilanes  in  various  molar  proportions. 

The  compositions  of  the  reaction  mixtures  and  the  reaction  times  are  given  in  Fig.  1. 

As  Fig.  Ishows,  in  the  case  of  CH3Si(OC2H5)3  a  decrease  of  the  Al;  Si  ratio  from  lO;!  to  3;!  accelerated 
the  end  of  the  reactloii.  Al  ratios  from  3;1  to  1;5  the  reaction  time  changed  little.  At  high  concentrations  of 
CHsSi  (OC2H6)8(Al:Si  =  1:5  to  1;10)  the  reaction  slows  down  again. 


The  behavior  of  diniethyldiethoxysilane  in  reactions  with  aqueous  aluminate  solution  differs  from  that 
of  methyltriethoxysilane;  in  the  former  case  decrease  of  the  Al:Si  ratio  first  produces  an  increase  of  the  reaction 
rate  (up  to  Al:Si  =  1:2  ),  and  the  rate  then  remains  almost  constant  and  very  high.  It  should  be  noted  that  at 
high  concentrations  of  the  aluminate  solution  the  mixtures  did  not  separate  into  two  phases  and  no  coagulation 
was  observed.  It  is  probable  that  in  such  cases  the  amount  of  alkali  present  in  the  mixture  is  sufficient  to  sta¬ 
bilize  the  A1  (0H)3  sol  and  to  form  silanolates  — (CH8)x  ’  Si(ONa)4-x  . 

Effect  of  dilution  of  aluminate  solution  by 
water.  The  reaction  was  carried  out  at  the  molar 
ratio  AltSi  =  1:1.  The  aluminate  solution  was 
diluted  with  water  in  various  proportions  by  weight. 
The  results  are  shown  in  Fig.  2.  A  number  of  col¬ 
loidal  effects  was  observed  for  both  esters  on 
dilution  of  the  aluminate  solution.  In  each  case 
there  was  a  period  of  latent  coagulation,  in  which 
the  degree  of  dispersion  of  the  colloidal  system 
decreases  but  there  are  no  external  signs  of  this. 

The  length  of  this  period  varied;  it  was  up  to  30 
minutes  for  CH3Si(OC2H5)3  and  up  to  70  minutes 
for  (CH3)2Si(OC2H5)2,  accading  to  the  reaction 
conditions  and  the  ester  used.  This  was  followed 
hy  a  period  of  visible  coagulation,  characterized 
by  turbidity  and  formation  of  precipitates.  At 
aluminate:water  ratios  of  1:1  and  higher,  visible 
coagulation  occurred  considerably  later  in  the 
case  of  dimethyldiethoxysilane  than  with  methyl¬ 
triethoxysilane,  as  Fig.  2  shows. 

In  the  final  analysis,  even  slight  dilution 
retarded  the  formation  of  precipitates  in  reactions 
with  mole  ratio  Al:Si  =1. 

Effect  of  amount  of  alkali.  A  series  of  experitnents  with  the  ratio  Al:Si=  1:3  was  performed;  the  alum¬ 
inate  was  diluted  not  with  water  as  in  the  preceding  experiments,  but  with  alkali  containing  21.9%  Na  in  the 
proportions  of  3;1  to  1;10  aluminate:alkali,  so  that  the  alkali  concentration  the  reaction  mixture  should  remain 
constant. 

The  results  of  the  experiments  are  given  in  Fig.  3. 

The  experiments  showed  that  the  amount  of  alkali  in  the  system  has  a  significant  influence  on  the  pro¬ 
cess.  The  times  before  the  start  of  visible  coagulation  decreased.  The  end  of  visible  coagulation  was  retarded 
with  increase  of  the  total  alkali  content;  this  is  probably  the  result  of  the  stabilizing  action  of  OH  ions. 

Purification  and  investigation  of  the  reaction  products.  In  most  cases  the  reaction  products  were  het¬ 
erogeneous  mixtures  in  external  appearance,  consisting  of  two  sharply  divided  phases.  The  upper  liquid  phase 
was  usually  clear,  and  the  lower  was  turbid  and  often  of  a  pasty  consistency.  Solid  precipitates  were  sometimes 
deposited  from  the  lower  phase.  All  the  products  studied  were  separated  into  their  constituent  phases. 

Analysis  of  the  upper  liquid  phase  in  a  whole  series  of  products  showed  that  it  contains  alkoxyl  groups, 
water,  small  amounts  of  alkali,  and  traces  of  silicon  and  aluminum.  The  chemical  analysis  of  the  products  was 
carried  out  as  follows:  The  alkoxyl  groups  in  the  products  obtained  from  dimethyldiethoxysilane  and  methyl¬ 
triethoxysilane  were  determined  by  a  semimicro  method,  modified  by  Nessonova  for  organosilicon  compounds  [5], 

Total  carbon  was  determined  by  Pregl’s  combustion  method  [5],  with  Cr203  as  catalyst  [6]. 

Alkalinity  was  determined  by  titration  with  standard  acid  solution  against  phenolphthalein. 

Silicon  and  aluminum  were  determined  gravimetrically  [7],  the  reaction  products  being  decomposed  by 
nitric— sulfuric  acid  mixture. 

Analytical  results  for  some  of  the  reaction  products  are  given  in  Table  1. 
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Fig.  1.  Effect  of  the  proportions  of  the  reac¬ 
tants  on  coagulation  times  in  the  system 
(CH3)jjSi(OC2H5)4- X  +  aqueous  sodium  alum¬ 
inate  solution.  Aluminate;  H2O  =  1:0. 

A)  Time  (in  minutes),  B)  Al;Si  ratio. 

1)  CH3Si(OC2H5)3,  2)  (CHs)2Si  (0C2H5)2. 


Fig.  2.  Effect  of  dilution  of  aqueous  sodium 
aluniinate  solution  on  coagulation  time  in  the 
system  (CHs)^Si(OC2H5)4.x  +  aqueous  sodium 
aluminate  solution. 

Al:Si=  1:1. 

A)  Time  (minutes),  B)  aluminate;  H2O  ratio. 

1)  CH8Si(OC2H5)j.  2)  (CH3)2Si(OC2H5)2. 

TABLE  1 

Results  of  Analysis  of  the  Reaction  Products 


A 


Fig.  3.  Effect  of  amount  of  alkali  on  coag¬ 
ulation  time  in  the  system  (CHj)jjSi(OC2H5)4_jj 
+  aqueous  sodium  aluminate  solution. 

Al:Si=l:3. 

A)  Time  (minutes),  B)  aluminate;  NaOH  ratio. 
1)  CH8Si(OC2H5)8,  2)  (CH8)iSi(OC2H5)2. 


Reaction 

Contents  (  %  ) 

CjHsO- 

Na,0 

SIO, 

A1,0, 

CH;|Si(Ot’i2ll5)3  4-  aluminate 
(AI  :  Si  =  1  : 1;  alumina teH20= 
=  4:1) 

61.7 

2.8 

0.5 

Trace 

(0113)281(002115)2  -f-  aluminate 
(AI  :  Si  =  1  :  6;  aluminateH20= 
=  1:0) 

27.8 

3.46 

Trace 

Trace 

Therefore  the  reaction  products  containing  aluminum  and  silicon  were  in  the  lower  phase. 

Investigation  of  the  action  of  solvents  on  the  isolated  solid  and  glue -like  products  showed  them  to  be  in¬ 
soluble  in  ethyl,  methyl,  isopropyl,  and  n-butyl  alcohols,  in  toluene,  benzene,  chloroform,  and  ligroine.  The 
precipitates  were  dissolved  completely  only  by  concentrated  caustic  alkali  in  the  cold,  and  by  hot  water. 

From  the  lower  phase  of  the  reaction  products  of  (CH3  )2Si(OC2H5)2  and  aluminate  solution  with  the 
ratios  Al:Si=l;l:  aluminate;  H2O  =1;0  and  Al:Si-2;l  ;  aluminate;  1120=  1;0,  acicular  crystals  in  the  form  of 
spherulites  were  deposited  after  prolonged  keeping  (2-3  weeks).  The  crystals  were  washed  with  absolute  alcohol 
and  diethyl  ether,  and  analyzed. 

The  composition  of  the  crystals  from  die  Al:Si  =  1;1  product  (in  <^0)  was;  Na20  12.4,  Si02  20.01,  AI2O8 
11,45,  C  calc  =  8.0,  =  7.89.  The  composition  of  the  crystals  from  the  Al:Si  =2*1  product  (in  4) 

was;  NajO  26.8,  SiOj  29.6,  AI2O8  24.0,  Ccal  =  11.85,  Cfouni  =  11.68. 

The  molar  ratios  were;  CH3:  Na20:  Al208;Si02  =  2.0;0.60  ;  0.33;  1,  for  the  first  product,  and  2.0;  0.9; 

0.49 1  1,  for  the  second. 

The  alkalinity  data  may  even  be  somewhat  low,  as  phenolphthalein  was  used  in  the  titration  with  acid. 

From  the  analytical  results,  the  structure  of  the  crystalline  products  may  be  represented  as  follows;  1)  for 
the  product  with  Al:Si  =  1;1;  alumimtc;  li2tl  --1:0 
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GHg  CHa  GH3 

NnO— Si— O— AI— O— Si— 0— Al— O— Si— ONa 

I  I  I  I  I 

GH3  ONa  GH3  ONa  GH3 

2)  for  the  product  with  Al;Si  =  2;1:  aluminate:  H2O  =  1;0 

GH3 


•  ®H20 


GH3 

I 


NflO— Si— O— Al— O—  Si— O— Al— ONa 


GHn 


ONa  GH, 


ONa 


a!H20  , 


The  molecular  weights  could  not  be  determined  owing  to  lack  of  a  suitable  solvent. Melting  point  de¬ 
terminations  of  the  crystals  showed  that  both  products  dissolve  in  their  water  of  crystallization  at  about  70". 

The  solid  reaction  products  of  CH3Si(OC2H5)s  and  aqueous  sodium  aluminate  solution  with  ratios  Al.:Si=l:l 
and  aluminate:  H2O  =  1:0;  Al:Si  =  1:1  and  aluminate :  H2O  =  4:1  and  Al:Si  =1:3  and  aluminate  NaOH=l:l  were 
purified  by  threefold  precipitation  with  methyl  alcohol  from  solutions  in  hot  water,  and  analyzed.  The  reaction 
product  of  (CH3)2Si( 002115)2  and  aqueous  sodium  aluminate  solution  with  ratios  Al:Si  =1:6  and  aluminate:H20=  1:0 
was  washed  with  diethyl  ether. 

The  analytical  results  for  the  solid  products  are  given  in  Table  2. 

A  comparison  of  the  analytical  results  in  Table  2  with  the  compositions  of  the  initial  reaction  mixtures 
leads  to  the  following  conclusions:  1)  the  final  reaction  products  contain  small  amounts  of  alkoxyl  groups; 

2)  the  Na20  content  decreases  sharply  on  purification  of  the  products  by  precipitation  with  alcohol  from  aqueous 
solutions;  3)  the  quantitative  Al:Si  ratio  remains  almost  the  same  in  the  reaction  products  as  in  the  starting 
materials. 

All  this  indicates  that  the  products  found  in  the  lower  phases  of  the  reaction  mixture  are  not  constant 
In  composition. 

Products  which  are  individual  compounds  slowly  crystallize  out  of  the  reaction  products. 

Optical  crystallographic  analysis.  The  solid  reaction  products  purified  by  reprecipitation  were  mostly 
amorphous  with  traces  of  crystallization.  Under  polarized  light  the  amorphous  particles  were  seen  to  be  surrouinl 
ed  by  a  crystalline  phase. 

Refractive  indices  were  measured  by  the  immersion  method.  The  average  refractive  index  of  different 
products  of  the  reaction  of  CHsSi( 0021^5)3  +  aqueous  sodium  aluminate  was  in  the  range  of  1.460-1.474,  and  for 
the  products  of  the  reaction  of  (CH3)2Si(OC2H5)2  +  aqueous  sodium  aluminate  it  was  somewhat  higher,  1.501- 
-1.519. 

The  crystalline  reaction  product  of  (CH3)2Si(OC2H5)2  +  aqueous  aluminate  solution,  obtained  with  the 
ratios  Al:Si  =1:1  aluminate:  H2O  =  1:0,  appeared  under  polarized  light  in  the  form  of  needles  and  prisms  with 
polarization  colors  of  the  first  order  with  well-defined  cleavage  cracks.  The  cleavage  cracks  were  parallel  to 
the  elongated  sides  of  the  prisms.  The  extinction  was  direct.  The  crystals  were  not  pleochroic.  The  average 
refractive  index  was  about  1.522.  The  microphotograph  (Fig.  4)  shows  the  crystals  under  magnification  of 
290. 

The  crystalline  reaction  product  of  (CH3)2Si(OC2H5)2  +  aqueous  aluminate  solution,  obtained  with  the 
ratios  Al:Si  =  2;1;  aluminate  :  H2O  =  1:0,  appeared  under  the  microscope  in  the  form  of  bundles  of  very  fine 
needles  with  well-defined  cleavage  cracks.  The  extinction  was  direct.  The  crystals  were  not  pleochroic.  The 
refractive  index  was  about  1.519. 

In  the  microphotograph  (Fig.  5)  the  crystals  are  shown  under  magnification  of  290. 

Thermal  analysis  of  the  product  obtained  in  the  reaction  of  CH3Si(OC2H5)3  +  aqueous  aluminate  sol¬ 
ution  with  the  ratios  Al:Si  =  1:1;  aluminate:  H2()  =  't:!  was  carried  out  by  means  of  Kurnakov’s  pyrometer. 
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TABLE  2 

Analytical  Results  for  the  Solid  Products 


Initial  reactant 

Contents  (in  %) 

C 

calcu¬ 

■ 

C2H6O:  Na20: 

ratios 

C,H,0 

NajO 

SiO, 

AljO, 

lated 

■ 

:Si02:  AI2QS 
ratio  (moles) 

For  CH3Si(OC2H6)3 

+  aluminate 

' 

Ai:Si  =  l:l;  1 

\ 

7.65 

aluminate 

}  Trace 

11.0 

36.4 

27.8 

7.3  1 

8.09 

1  0 : 0.294 : 1 : 0.46 

0 

II 

0 

99 

S 

1 

1 

[ 

\ 

6.78 

1 

Ditto 

(not  purified)  .  . . . 

3.84 

! 

31.0 

40.0 

20.0 

_ 

_ 

0.013  : 0.75 : 1 :  0.29 

Al:Si  =  l:3 
aluminate 

!  0.76 

11.1 

37.3 

27.6 

7.24  ( 

7.02 

7.55 

)  0.03:0.225: 1:0.46 

H2O  =  4:1 

) 

1 

Al  :Si  =  l  :3; 
aluminate 

1  1.87 

2.5 

48.0 

19.B 

9.7  i 

10.82 

j  0.05  : 0.05: 1:0.24 

:  NaOH  =  l :  1 

1 

1 

10.39 

Ditto 

^not  purified) 

23.0 

15.6 

15.0 

6.22 

2  : 1.02  : 1 : 0.204 

For  (CHj)2Si(OC2H5)2  +  aluminate 

A1 :  Si  =  1  :  6;  ] 

aluminate  }  0.62  2.24  21.4  6.28  8.6  9.30  0.04:0.09:1:0.171 

:  HgO  =  1  :  0  j 


Fig.  4.  Microphotograph  of  the  reaction  Fig.  5.  Microphotograph  of  tlie  reaction 

product  of  (CH3)2Si  (OC2H5)2  +  aqueous  sodium  product  of  (CH3)2Si(OC2H5)2  +  aqueous  sodium 

aluminate  solution  with  the  ratios  Al:  Si  =  I;!  aluminate  solution  with  the  ratios  Al:Si  =  2:1 

and  aluminate:  H2O  =  1:0.  and  aluminate:  H2O  =  1;0. 

The  heating  curve  (thermogram  )  for  the  specimen  showed  that  up  to  430-450*  water  and  alcohol  are 
removed,  and  this  is  followed,  up  to  800*,  by  burning  out  of  the  organic  constituents  -  OC2H5,  CH3  etc.  This 
is  confirmed  by  the  loss  of  weight  of  the  specimen.  The  variations  in  the  weight  of  the  specimen  during  heating, 
as  a  function  of  the  temperature,  was  determined  by  means  of  a  torsion  balance  (Fig.  6).  In  the  860-870"  range 
sintering  occurs,  accompanied  by  an  endothermic  effect,  and  later,  at  about  940",  an  exothermic  effect  is 
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observed.  This  effect  represents  formation  of  the  mineral  camegieite  -  Na^O  •  Al20|  •  2Si02  [8], 
in  composition  to  the  initial  Al:  Si  ratio  in  the  reactants. 

The  formation  of  this  compound  was  confirmed  by  optical  crystallography. 

The  refractive  index  of  the  solid  product  formed 
as  the  result  of  heating  is  1.514,  which  is  in  agreement 
with  the  literature  [8]. 

SUMMARY 

1.  It  was  shown  in  a  study  of  the  interaction  of 
methyltriethoxysilane  and  dimethyldiethoxysilane  with 
aqueous  sodium  aluminate  solutions  that  the  primary 
processes  are  coagulation  of  Al  (OH)s  sol  and  hydro¬ 
lytic  removal  of  alkoxyl  groups  from  the  alkylalkoxy- 
silanes. 

2.  The  interaction  is  accompanied  by  a  whole 
series  of  colloidochemical  phenomena,  the  course  of 
which  largely  depends  on  the  reactant  ratios,  aluminate 
concentration,  and  amount  of  alkali. 

3.  The  reaction  products  are  compounds  of  var¬ 
iable  composition  when  initially  formed,  while  subse¬ 
quently  in  some  cases  they  deposit  crystalline  products 
of  definite  composition  on  prolonged  standing.- 

4.  Individual  crystalline  compounds,  found  to  be 
polyorganometallosiloxanes  with  the  formulas* 

[CHg  CHa  GHa 

NaO  -Si— O— Al  — O— Si— O— Al  — O— Si— ONa  *  .rH,0 

I  I  I  I  I 

CHa  ONa  CHa  ONa  GHa 

and 

CHa  CHa  T 

I  I 

NaO— Si— O— Al— O^Si— 0— Al— ONa  •  a:H,0 

till 

GHa  ONa  CHg  ONa  -* 

have  been  isolated  and  studied. 

5.  Physicochemical  analysis  of  the  reaction  product  of  CHaSif OC2H5)s  +  aqueous  aluminate  solution 
with  the  ratios  Al:Si  =  1;1  and  aluminate;  H2O  =  4;1  by  means  of  Kurnakov ’s  pyrometer  showed  that  increase 
of  temperature  causes,  consecutively,  burning  out  of  the  organic  portion  of  the  precipitate,  sintering,  and  min¬ 
eralization  of  the  inorganic  portion. 
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Fig.  6.  Thermogram  for  the  reaction 
product  of  CHjSi(OC2H5)8  +  aqueous 
sodium  aluminate  solution  with  ratios 
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A)  Temperature  (*C  ),  EO  time 
(minutes),  O  change  in  weight  (Ap). 
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THE  KINETICS  OF  GAS  EVOLUTION  BY  COALS  IN  RELATION 
TO  THE  METAMORPHISM  PROBLEM 


R.L.  Myuller  and  V.S.  Popov 


The  rapid  increase  in  the  amount  of  coal  mined,  accompanied  by  the  working  of  deep  seams,  has  in¬ 
creased  the  relative  proportion  of  the  amount  of  natural  gas  produced  and  the  production  of  artificial  gases  from 
solid  fuel.  This  has. caused  the  increased  interest  in  the  nature  of  gas  formation  processes  in  coal. 

In  addition  to  deformations  and  displacements  of  whole  masses  of  rocks,  which  are  taken  into  account 
by  geologists  and  mining  engineers,  and  also  convection  and  diffusion  of  gases  and  liquids  through  crevices,  slow 
continuous  chemical  metamorphism  processes  occur  within  coal  seams.  These  processes  are  largely  caused  by 
thermal  deformational  vibrations  of  the  valency -bonded  atoms  within  the  complex  network  structure  of  the  enor¬ 
mous  coal  seam  mass.  At  greater  depths  the  rate  of  metamorphism  processes  with  evolution  of  methane  should 
increase  exponentially  with  the  temperature. 

At  the  present  time  there  is  no  theory  of  geologically  slow  low -temperature  chemical  processes  of  coal 
formation  [1].  A  generally  accepted  physicochemical  theory  of  high -temperature  rapid  coking  processes  is  also 
lacking.  In  studies  of  the  phenomena  which  occur  in  coal  seams,  the  mechanism  of  methane  formation  is  usually 
disregarded,  and  only  the  molecular  methane  already  present  is  considered.  This  methane  is  experimentally 
studied  either  in  the  adsorbed  state,  or  in  a  state  of  compression  in  the  cracks  and  pores  of  the  coal. 

It  is  assumed  that  the  slow  chemical  processes  in  coal  cannot  play  any  important  part  in  human  practice. 
However,  there  are  grounds  for  doubting  the  validity  of  such  preconceived  views. 

Despite  the  highly  complex  nature  of  the  metamorphism  processes  which  occur  in  coal  during  the  whole 
period  of  its  subterranean  existence,  and  the  incompletely  clear  role  played  by  lignin,  cellulose,  hemicellulose, 
resins,  waxes,  proteins,  and  other  constituents  of  highly  organized  plant  materials  in  these  processes,  it  is  never¬ 
theless  possible  to  make  a  rough  estimate  of  the  order  of  magnitude  of  the  rates  of  such  processes. 

Under  the  low -temperature  action  of  moist  air  and  daylight,  the  natural  decomposition  of  wood  is  largely 
of  a  biochemical  enzymatic  character.  Dry  distillation  of  wood  at  temperatures  above  150*  without  access  to  air 
yields,  in  addition  to  CO2,  CO,  CH4,  and  residual  carbonized  products,  also  liquid  fractions.  Less  carbon  and  more 
primary  tar  is  formed  in  vacuum  distillation.  The  yield  of  carbon  decreases  appreciably  with  increase  of  tem¬ 
perature  above  100-200*  [2].  In  accordance  with  these  observed  facts,  physicochemical  decomposition  of  vege¬ 
table  residues  in  the  depths  of  the  earth  under  pressure  and  at  a  relatively  low  temperature  without  access  to  air 
yields  solid  coal  and  gaseous  substances. 

Subterranean  coal  formation  is  essentially  low -temperature  thermal  chemical  decomposition,  in  the  course 
of  which  isomerization  of  the  atomic  groups  containing  carbon  occurs,  witli  formation  of  more  stable  structures. 
Instead  of  the  mainly  threadlike  formations  of  the  type  of  cellulose  macro  molecules,  polycyclic  hydrocarbon 
structures  with  carbon  bridges  of  the  perylene,  pyropyrene,  and  other  types  are  formed  [3]. 

With  all  the  numerous  stages  and  complex  branching  of  the  chemical  reactions  accompanying  coal  forma¬ 
tion  in  the  course  of  geological  epochs,  two  main  coal  formation  processes,  occurring  in  conjunction,  may  be 
distinguished;  a)  a  homogeneous  process  in  the  solid  phase;  as  the  result  of  activated  regroupings  of  the  valency 
bonds,  graphite -like  carbon  lattices  form  and  grow,  and  hydrocarbon  and  methoxyl  formations  become  intertwined 
in  the  form  of  fringes  [4];  b)  decomposition  of  fnethoxyl  and  hydrocarbon  valency -bonded  components  of  coal 
with  heterogeneous  formation  of  radicals  and  conversion  ofsome  of  the  solid  phaseinto  gas  in  the  form  of  molecules 
of  CO2,  CO,  CH4,  etc. 


277 


Both  processes  occur  spontaneously  and  are  accelerated  (the  first  to  a  much  greater  extent )  by  increase 
of  temperature.  Such  processes  are  probably  inhibited  at  temperatures  below  0-20*  owing  to  freezing  ofvalence 
bonds  [5].  Activation  of  valence  bonds  in  large  coal  seams  is  greatly  facilitated  owing  to  the  increased  statis¬ 
tical  redistribution  of  thermal  energy  among  the  degrees  of  freedom  of  vibrational  motion  of  an  extremely  large 
number  of  mutually  linked  atoms.  Moreover,  large  valence -bonded  hydrocarbon  structures  have,  in  any  event, 
lower  bond  energies.  Catalytic  acceleration  of  these  processes  in  presence  of  atoms  of  heavy  metals  in  the  coal 
is  not  excluded. 

The  solid  phase  homogeneous  process,  not  being  accompanied  by  any  significant  volume  change,  should 
in  practice  be  little  influenced  by  pressure.  Some  acceleration  is  possible  only  because  under  considerable  pres¬ 
sures  the  atoms  are  brought  closer  togetlier,  thus  facilitating  transfer  of  electron-pair  valence  bonds. 

Heterogeneous  decomposition  of  the  structurally  more  loose  hydrocarbon  fringe  is  accompanied  by  con¬ 
siderable  volume  increase  (more  than  1500 -fold  under  normal  pressure  )  and  should  therefore  be  retarded  under 
high  pressures  [6]. 

In  the  initial  stages  of  coal  formation,  about  70%  of  the  carbon  atoms  constitute  a  valence -bonded  atom¬ 
ic  carbon  skeleton.  The  remaining  atoms  are  contained  in  the  constitutent  links  of  the  hydrocarbon  and  methoxyl 
fringe.  In  the  final  stage  up  to  96%  of  the  carbon  atoms  enter  the  skeleton  network  [7].  The  presence  in  coal 
and  anthracite  of  a  hexagonal  lattice  of  carbon  atoms  with  linking  side  chains  carrying  various  functional  groups 
is  confirmed  by  electronographic  investigations  [8]. 

At  moderate  pressures,  the  step  which  determines  the  coal  metamorphization  rate  is  the  homogeneous 
solid  phase  process  of  isomeric  atomic  regrouping.  The  activation  energy  E-  of  this  process  bears  a  definite 
relationship  to  the  excitation  energy  of  valence  thermal  vibrations  Ey,  the  transformation  energy  of  the  valence 
bonds  Ej,  and  the  energy  of  rupture  of  these  bonds  Ej  [9]. 


^  ^kcal./mole  —  "C  Et  ^  Et  ^  E,i  —  60 — 70  kcal./  mole 


Ej  may  be  the  energy  of  rupture  of  single  C-C  and  C-O  bonds  [10],  determining  the  upper  limit  of  the 
activation  energy  of  the  isomeric  atom  regrouping  E.  in  the  solid  phase. 

The  elementary  determining  step  is  transformation  of  single  valence  bonds  of  carbon  atoms.  The  rate 
of  this  transformation  in  the  solid  phase  may  be  represented  as 


—  _  =  ravexp 


where  n  is  the  number  of  carbon  atoms  in  the  given  coal  mass,  v-=  10^*  sec'^  is  the  frequency  of  the  defor¬ 
mation  of  valence  vibration, R  is  the  gas  constant,  T  is  the  absolute  temperature,  and  t  is  the  time.  Hence  we 
have; 


Ei  =  RT  ^In  vi  —  In  In  . 


The  value  of  Ej^  can  be  estimated,  and  the  expression  (1 )  thereby  verified,  by  means  of  Equation  (4  ) 
witli  the  aid  of  certain  literature  data.  Thus,  data  for  the  thermal  decomposition  of  English  (Staveley)  coal 
under  vacuum  at  350*  for  6  days,  with  a  weight  loss  of  about  10%  [11,  12],  give  the  approximate  value  of  53 
kcal  /  mole  for  E^. 

Burgess  and  Wheeler  [11,  13]  studied  the  evolution  of  gaseous  products  from  100  g  of  Lancashire  coking 
coal  at  various  temperatures  under  vacuum.  Up  to  200^,  CO,  CO2,  and  CH4  were  evolved.  These  data,  after 
recalculation,  are  given  in  Table  1. 

This  table  also  gives  values  of  the  energy  of  the  solid  phase  isomerization  reaction  (the  measured  rate- 


-determining  step)  according  to  Equation  (4 ),  based  on  a  content  of  7,1  moles  of  carbon  atoms  in  100  g  of  the 

original  material  and  on  the  equation  =  7.1  ,  where  A  n  is  the  total  number  of  moles  of  gas 

*  7.  1  -An 

(CO2,  CO,  014)  evolved  from  100  g  of  the  sample  at  temperature  T  in  time  At. 


TABLE  1 

Effect  of  Temperature  on  the  Amount  of  Gas  Evolved  and  on  the  Activation  Energy 


Temperature 

Amount  of 
gas  evolved 
(in  cc  gas/ 
100  g  coaQ 

Total  num¬ 
ber  of  moles 
of  gas  A  n 

Time 

At  (in  secO 

An/At 

Ei(in 

kcal,/ 

mole 

»0 

«K 

25 

~298 

109 

4.9  .  10-3 

1.3  .  108 

3.7  .  10’-» 

29.2 

70  ±40 

~843 

128  ! 

6.7  .  10-3 

3.5  •  105 

1.7  .  10-8 

32.6 

160  ±60 

-^423 

14 

6.2  .  10-4 

8.7  .  104 

7.1  .  10-8 

41.4 

These  calculations  show  that  the  activation  energy  of  the  coal  formation  process  does  in  fact  lie  within 
the  limits  indicated  in  (1 ).  The  activation  energy  is  seen  to  increase  with  temperature,  together  with  a  pro¬ 
gressive  increase  in  carbonization  of  the  material.  This  is  accompanied  by  some  decrease  in  the  rate  of  the  pro¬ 
cess. 

It  is  also  interesting  to  calculate  the  effective  average  activation  energy  of  tlie  slow  carbonization  of 
wood  residues  over  geological  periods.  Starting  with  the  atomic  percentage  contents  of  carbon,  oxygen,  and 
hydrogen  in  wood  and  coal  (Table  2),  and  assuming  that  the  average  molar  ratio  of  carbon  dioxide  to  carbon 
monoxide  in  the  evolved  gas  is  3:1  ,  we  can  make  a  rough  algebraic  estimate  of  the  number  nj  of  carbon  atoms 
remaining  out  of  the  total  number  nj  originally  present  in  the  wood.  This  gives  the  ratio 

th  ^  161 
n2~  63  * 

This  metamorphism  occurs  over  a  period  of  250,000,000  years  or  8  •  10^®  seconds.  Hence  Formula  (4),  at  300* 
K,  gives  a  value  of  Ej  ^  39  kcal  /  mole  for  the  activation  energy.  This  very  tentative  value,  like  the  values 
obtained  above,  is  in  satisfactory  agreement  with  the  expression  (1). 


TABLE  2 

Carbon,  Oxygen  and  Hydrogen  content  in  Wood  and 
Coal 


Material 

B 

0 

H 

B 

0 

H 

Wt.  o/o  1 

at  % 

Wood 

60 

45 

6 

35 

23 

42: 

Coal 

! 

1 

90 

1 

1 

6 

4 

63 

3 

34 

It  is  usual  to  regard  blower  gas  in  mines  exclusively  as  liberation  of  gas  accumulated  in  cavities  or  cracks 
in  the  coal  under  high  pressure.  This  ignores  processes  of  gas  formation  which  are  inevitable  during  continuous 
metamorphism  of  coal  caused  by  heat  entering  continuously  from  the  deptlis.  The  force  with  which  the  gas  is 
emitted  from  cracks  in  the  coal  seam  or  from  the  surrounding  rocks  itself  indicates  that  powerful  chemical  factors 
are  involved.  The  amounts  of  gas  which  may  be  liberated  in  coal  seams  by  chemical  metamorphism  may  be 
estimated  on  the  basis  of  the  foregoing  considerations. 
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It  is  known  that  me  ta  morph  ism  of  coal  proceeds  by  way  of  consecutive  removal  of  methoxyl  and  hydro¬ 
carbon  radicals  with  formation  of  molecules  of  carbon  dioxide,  methane,  etc.  [14],  During  the  first  stages  of 
coal  formation,  carbon  dioxide  is  predominantly  evolved 


Q2H40O14N  =C68H4oO(jN  +  4CO2. 


(5) 


This  is  followed  by  processes  with  liberation  mainly  of  methane 

^68^40^0^  =  C56H32O0N  -f-  20114. 


(6) 


The  above  chemical  formulas  approximately  correspond  to  tlie  observed  gravimetric  compositions  of 
coals  at  various  stages  of  metamorphism,  and  do  not  disagree  with  the  volumes  of  gases  liberated  in  the  process. 

Dealing  now  with  methane  formation  in  coal,  we  tentatively  assume  tlie  formation  of  about  53  m’  of 
methane  per  ton  of  coal  as  the  hydrogen  content  of  the  coal  decreases  from  4.8  to  3.9%  by  weight.  If  the  ac¬ 
tivation  energy  E.  of  the  methane  formation  process  is  taken,  according  to  the  foregoing,  as  about  35  kcal  / 
mole,  it  is  possible  to  make  an  estimate  of  the  volumes  of  methane  evolved  per  day  at  various  temperatures 
from  coal  seams  20  m  thick  extending  over  25  km*.  With  average  density  1.3  this  corresponds  to  about  6,5  *10* 
tons  of  coal  or,  according  to  Equation  (6  ),  to  a  potential  volume  V  of  liberated  metliane,  of  3.4*  10*®m®. 
The  evolution  rate  of  this  methane  can  be  calculated,  on  the  basis  of  Equation  (2  ),  from  tlie  formula 


~  V  •  V  .  8.64  •  10*  exp 


(-#) 


2.9  .  102'  .  10 


7600 

^  Ivf  methane 


day 


(7) 


Here  the  number  of  carbon  atoms  has  been  converted  into  the  number  of  g  -atoms  of  carbon  in  the  coal, 
corresponding  to  the  methane  obtained  according  to  Equation  (6);  this  amount  is  expressed  in  m®. 

By  means  of  Equation  (7)  it  can  be  shown  that  at  25“  C  (298*  K)  the  rate  of  evolution  w  =  93  m*  me¬ 
thane/ day;  at  50"  C  (323“  K)  w  =  9300  m*  metliane/ day,  while  at  75“  C(348“  K)  die  amount  of  methane 
liberated  in  the  coal  seam  under  consideration  reaches  1,800,000  m*  methane/ day. 

Despite  the  very  approximate  nature  of  this  calculation,  its  results  illustrate  some  very  important  facts. 

First,  it  is  clear  that  in  deep  seams  the  evolution  of  large  masses  of  methane  is  quite  possible  exclusively  by 
chemical  metamorphism  of  coal,  with  subsequent  seeping  of  the  gas  into  tlie  upper  layers  of  the  rock  and  coal 
seams.  It  is  also  evident  that  gas  evolution  increases  steeply  (exponentially)  with  depth  of  the  workings,  owing 
to  the  increase  of  temperature  under  a  gradient  of  the  order  of  20-80“/ km  [15]. 

During  slow  metamorphism  of  coal  under  pressure  exerted  by  overlying  strata,  considerable  compression 
of  the  seams  occurs,  with  formation  of  cracks  and  with  local  compression.  Accidental  blockages  of  restricted 
coal  regions  by  denser  coals  and  rocks  impermeable  to  gases  may  occur.  In  such  blocked  regions,  owing  to  ab¬ 
sence  of  gaseous  diffusion,  metliane  may  accumulate  with  increase  of  internal  pressure.  As  already  stated,  high 
pressures  have  little  effect  on  tlie  rate  of  the  solid  phase  reactions  causing  growth  of  the  hydrocarbon  fringe.  At 
the  same  time,  high  pressures  retard  the  heterogeneous  reaction  in  which  this  fringe  is  decomposed  and  methane 
is  formed.  Thus,  blocked  regions  arise,  containing  accumulated  metastable  colloidally  dispersed  fringes  of  un¬ 
stable  stressed  solid  hydrocarbon  structures.  It  is  highly  probable  that  these  small  restricted  regions  with  increased 
chemical  potentials  may  act  as  sites  for  subsequent  sudden  ejections  of  coal  and  gas.  If  the  external  rock  pressure 
is  disturbed  by  the  action  of  some  external  mechanical  force  (blow  in  mining,  roof  deformation,  coal  excava¬ 
tion,  explosions,  etc.),  the  surrounding  dense  coating  of  coal  and  rock  may  break  ("bursting  of  the  hoop"  )  [16] 
(sometimes  with  a  certain  relaxation  period),  witli  escape  of  the  compressed  gaseous  methane  (partly  sorbed  ) 
and  with  decrease  of  gaseous  pressure.  This  abrupt  pressure  drop  should  produce  a  sudden  increase  in  the  rate  of 
hetereogeneous  decomposition  of  tlie  accumulated  metastable  hydrocarbon  fringe.  The  high  concentration  of 
free  radicals  such  as  CH3,  CH2,  H,  etc.,  which  results  from  this  may  activate  accelerated  decomposition  of  the 
fringe  and  confer  tlie  nature  of  a  very  rapidly  growing  chain  reaction  on  tlie  whole  process.  The  explosive  de¬ 
composition  of  solid  hydrocarbon  formation  which  penetrates  the  metastable  coal  in  a  colloidally  dispersed  form 
should  be  accompanied  by  disintegration  of  the  coal  into  a  fine  powder.  Here  the  ratio  of  the  masses  of  the  gaseous 


methane  and  the  ejected  coal  dust  approximately  corresponds  to  Equation  (6).  The  mechanical  work  of  ejec¬ 
tion  will  be  done  at  the  expense  of  the  potential  chemical  energy  of  the  metastable  hydrocarbon  regions. 

It  is  known  that  a  satisfactory  interpretation  of  the  process  as  a  whole  could  not  be  provided  by  attribut¬ 
ing  ejection  exclusively  to  the  action  of  mechanical  rock  pressure  forces  and  the  pressure  of  the  adsorbed  gas 
(because  the  physicochemical  nature  of  ejection  is  ignored).  It  is  possible  that  the  mechanism  suggested  here 
provides  a  more  correct  description  of  the  phenomena. 

The  question  of  the  extent  of  coal  metamorphism  processes  taking  place  now  in  the  depths  of  tlie  earth, 
especially  at  high  temperatures  at  great  depths,  is  of  serious  interest  in  relation  to  the  most  efficient  utilization 
of  this  valuable  raw  material.  The  question  of  methods  for  stimulating  and  regulating  subterranean  methane 
formation  also  arises.  The  possibility  of  subterranean  partial  gasification  of  coal  without  oxidation  of  the  hydro¬ 
carbon  components  is  also  to  be  considered.  It  is  possible  that  preliminary  gasification  of  the  hydrocarbon  com¬ 
ponents  of  coal  deposits  may  simplify  considerably  the  safety  problem  in  the  subsequent  working  of  the  fuel 
seams.  These  and  many  related  questions  may  be  solved  as  the  result  of  systematic  investigations  of  the  kinetics 
of  gas  evolution  from  different  coals  at  various  temperatures  and  pressures.  Determination  of  the  possible  cata¬ 
lytic  influence  on  gas  formation  of  mineral  impurities,  in  particular  of  elements  of  the  subsidiary  subgroups  of 
Mendeleev  ’s  periodic  system,  is  of  interest.  It  is  also  important  to  follow  the  growth  of  quasigraphitic  micro - 
crystallites  in  the  course  of  gas  evolution  by  means  of  X-ray  analysis  of  coal.  Measurements  of  the  electrical 
conductance  of  coal  should  give  an  indication  of  the  formation  of  electronometallic  chemical  bonds  during 
carbonization.  Spectrum  analysis  may  help  to  reveal  the  influence  of  slight  impurities  which  act  catalytically 
on  metamorphism  processes, 

SUMMARY 

1,  Coal  formation  processes  within  the  depths  of  the  earth  's  crust  are  characterized  by  two  chemical 
reactions  occurring  in  conjunction:  a)  homogeneous  solid -phase  activated  isomerization  of  threadlike  struc¬ 
tures  into  networks,  with  formation  and  growth  of  graphite  Tikecarbon  lattices  and  localization  of  a  hydrocarbon 
fringe;  b)  heterogeneous  decomposition  of  the  solid  hydrocarbon  components  and  formation  of  molecular 
methane  and  other  gases.  This  process  is  retarded  under  high  pressures. 

2.  In  theory,  the  activation  energy  of  the  solid -phase  isomerization  reaction  in  coal  should  be  appre¬ 
ciably  greater  than  2-7  kcal  /  mole  but  not  more  than  60-70  kcal  /  mole.  Experimental  data  on  the  thermal 
decomposition  of  coal  under  vacuum,  and  the  geological  age  of  coal,  are  in  agreement  with  the  theoretical 
estimate  of  the  activation  energy  of  coal  metamorphism,  giving  values  in  the  range  of  29-53  kcal  /  mole. 

3.  Approximate  estimates  of  the  rate  of  the  coal  metamorphism  process  indicate  that  methane  is  lib¬ 
erated  in  deep  deposits  as  the  result  of  coal  metamorphization  processes  which  are  taking  place  now.  In  that 
case  gas  evolution  should  increase  exponentially  with  temperature  and  depth. 

4,  Sudden  ejections  of  coal  and  gas  may  be  attributed  to  explosive  decomposition  of  the  metastable 
hydrocarbon  constituents  of  coal,  metamorphization  of  which  occurred  under  high  pressure  without  escape  of 
the  gas. 
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POLYMERIZATION  OF  CYCLOOCTENE 


S.,N..  Usha ko V,  M.M.  Ko^ton  and  V.I.  Mamedova 


Little  information  is  available  on  the  polymerization  of  cycloolefins.  The  probable  reason  for  this  is  the 
difficulty  of  obtaining  cyclopolyolefins  and  cycloolefins.  For  the  more  readily  available  compounds  of  this  class: 
cyclohexadiene  [1,  2,  3  ]  cyclopentadiene  [4],  cyclohexene  [5,  6]  and  cyclopentene  [7,  8],  there  have  been  re¬ 
ports  concerning  their  polymerization.  In  recent  years  papers  on  the  polymerization  of  cyclooctatetraene  [9,  10] 
have  also  appeared. 

The  polymerization  of  cyclohexadiene  was  reported  as  long  ago  as  1913  by  Lebedev  [3],  He  found  that 
thermal  polymerization  of  1,  3-cyclohexadiene  yields  a  dimer  and  a  polymer,  the  properties  of  which  were  not 
studied  in  detail. 

Zelinsky  and  Denisenko  [2]  polymerized  1,  3-cyclohexadiene  in  presence  of  2%  aluminum  chloride  in 
the  cold  and  on  heating.  The  polymerization  product  was  a  thick  viscous  mass  which  darkened  in  air  and  was 
converted  into  a  brittle  powder. 

Cyclopentadiene  [4]  polymerizes  at  temperatures  up  to  100*.  Mainly  dicyclopentadiene  CioHi2  is  then 
formed;  at  higher  temperatures  (135* )  polycyclopentadiene  CsHe  is  formed  [11]. 

More  investigations  have  dealt  with  cyclohexene.  For  example,  its  polymerization  under  the  action  of 
sulfuric  acid  [5,  12]  and  of  aluminum  chloride  [13]  has  been  studied.  In  the  polymerization  of  cyclohexene  un¬ 
der  the  action  of  concentrated  sulfuric  acid  polymer  formation  according  to  Butlerov's  classic  scheme  was  noted. 
In  addition  to  polymerization  of  cyclohexene,  hydrogenation  and  dehydrogenation  polymerization  occurs  under 
the  action  of  sulfuric  acid, 

Nametkin  and  Rudenko  [13]  studied  the  effect  of  aluminum  chloride  on  cyclohexene.  The  reaction 
products  were  found  to  contain  two  polymeric  compounds:  one  was  an  unsaturated  pentamer,  tetracyclohexyl - 
cyclohexene,  and  the  other  was  tetracyclohexylbenzene. 

Gromova  and  Rudenko  [7,  8]  have  reported  on  the  polymerization  of  cyclopentene  under  the  action  of 
aluminum  chloride.  They  studied  the  polymerization  of  cyclopentene  at  50*.  Fractions  corresponding  in  molec¬ 
ular  weight  to  a  dimer,  trimer,  tetramer,  and  heptamer  were  isolated.  After  distillation  a  solid  residue  remained, 
which  was  found  to  be  a  hexamer  of  cyclopentene,  C30H4S,  with  one  double  bond. 

Very  little  information  has  been  available  until  recently  on  the  polymerization  of  cyclooctatetraene. 
Reppe  described  the  preparation  of  cyclooctatetraene  dimer  [9].  Dimerization  of  cyclooctatetraene  occurs  when 
it  is  heated.  If  the  heating  is  performed  with  access  to  air,  two  structural  isomers  of  a  hydrocarbon  of  the  com¬ 
pound  CjgHie  obtained,  one  of  which  melts  at  43*,  and  the  otlier,  a  colorless  viscous  oil,  boils  at  297*  un¬ 
der  a  pressure  of  760  mm.  On  heating  in  a  stream  of  nitrogen  only  a  liquid  hydrocarbon  CjeHis  is  formed. 
Copenhaver  and  Bigelow  [14]  polymerized  cyclooctatetraene  in  presence  of  benzoyl  peroxide,  boron  fluoride, 
and  under  the  influence  of  light.  The  dimer  was  obtained  in  these  experiments. 

Ushakov  and  Solomon  [10]  studied  tlie  polymerization  of  cyclooctatetraene  under  the  action  of  light, 
initiators  of  the  radical  type,  and  ionic  catalysts.  The  initiators  used  were  benzoyl  peroxide  and  isopropylben¬ 
zene  hydroperoxide.  The  catalysts  were  anhydrous  aluminum  chloride,  ferric  chloride,  and  metallic  sodium. 

The  experiments  showed  that  cyclotetraene  does  not  polymerize  under  the  action  of  heat,  light,  and  initiators. 
Only  traces  of  polymers  were  obtained  with  the  use  of  aluminum  chloride  and  ferric  cliloride.  The  use  of  metal  - 
lie  sodium  gave  polymers  whose  molecular  weight  corresponded  to  a  degree  of  polymerization  of  approx¬ 

imately  10. 
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Azatyan  [16]  prepared  diallylcyclooctatetraene  by  the  reaction  between  the  dilithium  derivative  of 
cyclooctatetraene  and  allyl  bromide.  On  standing  diallylcyclooctatetraene  polymerizes  spontaneously  to  give 
a  colorless  transparent  mass. 

No  information  is  available  in  the  literature  on  the  polymerization  capacity  of  cyclooctene.  Never¬ 
theless,  cyclooctene  is  of  undoubted  interest  both  from  the  theoretical  and  the  practical  aspects  as  a  starting 
material  for  polymerization  and  copolymerization  reactions.  The  one  double  bond  in  its  molecule  is  similar 
in  properties  to  the  ethylene  bond,  and  therefore  cyclooctene  may  be  regarded  as  symmetrically  substituted 
ethylene.  As  is  known,  polymers  of  ethylene  and  its  derivatives  are  made  by  various  methods  in  modern  tech¬ 
nology,  with  different  polymerization  mechanisms,  and  are  of  great  practical  importance,  being  among  the 
most  important  technical  elastomers.  On  the  other  hand,  the  cyclic  stmeture  of  cyclooctene  provides  the  pos¬ 
sibility  of  interactions  between  the  macro  molecular  cliains  different  from  those  in  ethylene  and  its  usual  deriv¬ 
atives,  and  makes  it  possible  to  modify  tlie  physical  and  mechanical  properties  of  the  polymers.  The  object 
of  our  investigation  was  to  study  the  polymerization  tendency  of  cyclooctene. 

EXPERIMENTAL 

Synthesis  of  cyclooctene.  Cycloctene  was  prepared  by  catalytic  hydrogenation  of  cyclooctatetraene 
in  presence  of  palladium  on  calcium  carbonate,  3  moles  of  hydrogen  are  absorbed  [16,  17]  and  cyclooctene  is 
formed.  The  absorption  of  the  first  3  moles  is  rapid,  while  about  ten  times  as  long  is  required  for  absorption  of 
the  4th,  so  that  the  process  can  be  stopped  at  tlie  cyclooctene  stage.  For  preparation  of  the  catalyst,  a  suspen¬ 
sion  of  75  g  of  calcium  carbonate  in  200  ml  distilled  water  was  treated  with  2  g  of  palladium  chloride.  The 
liquid  was  gently  heated  until  the  upper  layer  became  decolorized.  The  palladium  was  precipitated  on  the 
finely  divided  carbonate  in  the  form  of  palladium  hydroxide.  The  precipitate  was  then  washed  with  distilled 
water  until  only  faint  traces  of  chlorine  remained  in  the  washings.  The  precipitate  was  then  transferred  to  a 
filter  and  again  washed  several  times  with  water  until  chlorine  disappeared  completely.  The  catalyst  was  then 
dried  in  a  thermostat  at  50-60*. 

The  palladium  hydroxide  was  reduced  to  metallic  palladium  before  each  hydrogenation. 

The  cyclooctatetraene  was  hydrogenated  in  a  shaker  apparatus  which  was  joined  through  a  drying  column 
to  a  graduated  gas  holder, 

Cyclooctatetraene  was  prepared  by  the  method  described  by  Ushakov  and  Solomon  [18],  and  had  the 
following  properties;  boiling  point  60“  at  46.5  mm;  n^  1.5376;  d^®  0.9203;  molecular  refraction  35.27 
(calculated  35.61  );  molecular  weight  103.8  (theoretmal  104.1 ). 

Hydrogen  was  prepared  by  electrolysis  of  water.  10  g  of  the  catalyst  in  20  ml  of  methanol  (absolute  ) 
was  placed  in  the  hydrogenation  vessel.  Air  was  displaced  from  the  vessel  by  hydrogen,  and  hydrogen  was  then 
passed  through  to  reduce  the  catalyst.  The  end  of  the  reduction  was  indicated  by  cessation  of  hydrogen  ab¬ 
sorption  and  a  change  of  the  catalyst  color  from  beige  to  black. 

At  the  end  of  the  reduction  a  solution  of  50.6  g  of  cyclooctatetraene  in  50  ml  of  methanol  was  put  into 
the  vessel.  The  mixture  was  cooled  in  an  ice  bath  and  shaken  while  hydrogen  was  passed  through.  Hydrogena¬ 
tion  is  very  rapid  until  3  moles  of  hydrogen  have  been  absorbed,  and  the  reaction  rate  then  drops  considerably. 

Data  for  one  of  the  hydrogenation  experiments  may  be  cited  as  an  example. 

14,3  g  of  cyclooctatetraene  was  taken  for  hydrogenation.  This  quantity  of  cyclooctatetraene  theoretic¬ 
ally  requires  9.240  liters  of  hydrogen  for  hydrogenation  to  cyclooctene.  10.550  liters  was  absorbed.  3.800  liters 
was  absorbed  in  the  first  60  minutes,  5.250  liters  in  the  second  60  minutes,  and  1.500  liters  in  the  third  60  minutes. 
The  total  volume  of  hydrogen  absorbed  in  180  minutes  was  10.550  liters. 

At  the  end  of  the  hydrogenation  the  contents  of  the  vessel  were  transferred  to  a  Buchner  funnel  to  separate 
the  liquid  from  the  catalyst.  The  filtrate  was  diluted  with  150  ml  of  distilled  water  and  the  cyclooctene  was 
extracted  by  75  ml  of  ether.  The  extract  was  washed  with  water  to  remove  methanol,  Tire  ether  extracts  were 
combined  in  a  flask  and  dried  over  calcined  sodium  sulfate. 

The  ether  extract  was  distilled  to  remove  ether.  The  remaining  cyclooctene  was  rectified  through  a 
column;  fractions  boiling  within  0.1*  were  collected.  The  yield  of  cyclooctene  was  ~85<yo  of  the  theoretically 
calculated  yield. 
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The  cyclooctene  so  prepared  is  a  colorless  transparent  liquid  with  a  specific  odor,  soluble  in  hydrocarbons, 
halogenated  hydrocarbons,  dioxane,  and  ether.  It  had  the  following  constants;  b.p.  143*  at  760  mm,  58-59*  at 
50  mm;  n*  1,4702,  d®  0,8443;  molecular  weight -theoretical  110.19,  found  108.58;  bromine  number  -  the - 
oretical  145^,07,  found  145.26;  molecular  refraction;  calculated  37.027,  found  36.873;  elementary  analysis; 

calculated  C  87.27,  H  12.73; 
found  0/^  G  87.30.  H  12.97. 

For  complete  characterization  of  tlie  cyclooctene,  its  dibromide  was  also  prepared. 

The  dibromide  was  prepared  by  addition  of  0.2  N  solution  of  bromine  in  carbon  tetrachloride  to  cyclooc¬ 
tene  until  a  permanent  color  was  formed.  Carbon  tetrachloride  was  then  distilled  off  and  the  residue  was  distil¬ 
led  under  vacuum. 

The  dibromide  was  a  transparent  oily  liquid  with  an  unpleasant  odor  and  had  the  following  properties; 
b.p.  127-128*  at  6  mm,  n®  1.5580,  d®  1,6772,  molecular  refraction— calculated  53,024,  found  52.051, 
bromine  content  {o]o) — theoretical  59.19,  found  59.82. 

The  properties  of  the  dibromide,  together  with  the  characteristics  of  the  synthesized  cyclooctene  itself, 
indicate  that  tire  latter  was  fairly  pure. 

Polymerization  of  cyclooctene. 

We  studied  the  polymerization  of  cyclooctene  under  the  influence  of  heat  in  presence  of  certain  radical 
polymerization  initiators  and  some  ionic  catalysts.  Benzoyl  peroxide,  isopropylbenzene  hydroperoxide,  and 
azobisisobutyronitrile  were  tested  as  initiators.  The  ionic  catalysts  used  were  sulfuric  acid  (oleum),  stannic 
chloride,  aluminum  chloride,  and  boron  fluoride  etherate. 

Polymerization  procedure.  All  the  polymerization  experiments  were  carried  out  in  sealed  thick-walled 
glass  tubes  1-3  ml  in  capacity.  The  tubes  were  treated  before  use  with  warm  chromic  mixture  for  24  hours, 
washed  with  distilled  water,  steamed  for  3-4  hours,  and  dried  in  a  drying  oven  at  120*. 

The  tubes  were  charged  as  follows.  The  catalyst  was  introduced  into  the  empty  weighed  tube,  covered 
with  a  cap,  the  weight  of  the  catalyst  being  found  by  difference  after  weighing  die  tube  with  the  catalyst.  Cyclo¬ 
octene  was  then  added  and  the  tube  was  weighed  again.  The  weight  of  the  cyclooctene  was  found  by  difference. 
The  tubes  were  filled  in  such  a  way  that  the  volumes  of  the  gas  and  liquid  phases  were  in  the  same  ratio  in  all 
the  experiments. 

The  tubes  were  sealed  and  placed  in  an  air  thermostat  at  a  temperature  constant  to  within  1*.  The  poly¬ 
merization  was  carried  out  continuously.  After  the  required  time  the  tubes  were  cooled,  opened,  and  the  poly¬ 
merization  products  were  studied. 

Thermal  polymerization  of  cyclooctene  was  carried  out  at  70,  100,  150,  and  200*.  Changes  of  refractive 
index  were  used  to  indicate  the  changes  undergone  by  the  cyclooctene  on  heating.  The  refractive  index  of  cyclo¬ 
octene  remained  unchanged  after  100  hours  heating  at  70,  100,  150  and  200*.  This  shows  that  cyclooctene  is 
thermally  stable.  For  additional  proof  that  no  changes  took  place,  the  substance  heated  at  200*  was  brominated. 
The  bromine  number  of  the  product  was  145.28,  which  agreed  with  that  of  pure  cyclooctene. 

This  showed  that  cyclooctene  does  not  polymerize  under  the  heat  treatment  conditions  used. 

Polymerization  of  cyclooctene  in  presence  of  initiators  of  the  radical  type.  Experiments  on  the  poly¬ 
merization  of  cyclooctene  in  presence  of  l<yo  amounts  of  benzoyl  peroxide,  isopropylbenzene  hydroperoxide,  and 
azobisisobutyronitrile,  were  carried  out  at  temperatures  of  65,  100,  120  and  150*.  It  was  found  that  in  the  tem¬ 
perature  range  of  65  to  150*  cyclooctene  does  not  polymerize  when  heated  for  100  hours. 

Polymerization  of  cyclooctene  in  presence  of  catalysts  of  the  ionic  type,  a  )  Experiments  in  presence  of 
sulfuric  acid.  As  the  result  of  heating  in  presence  of  sulfuric  acid  to  150*  for  100  hours,  the  refractive  index  ot 
cyclooctene  changes  somewhat  (from  1.4702  to  1,4719  ),  The  cyclooctene  acquires  a  dark  brown  color.  The 
condensation  products  of  cyclooctene  were  not  investigated,  in  view  of  tlie  small  amount  formed  and  of  their 
contamination. 
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b)  Experiments  in  presence  of  stannic  chloride.  When  cyclooctene  is  heated  in  presence  of  stannic 
chloride  (l-6«7r)  for  75  hours  at  100-150",  the  refractive  index  changes  from  1.4750  to  1.4830  (maximum). 
Some  color  appears  and  a  precipitate  is  formed.  The  polymerization  products  were  not  investigated  for  the 
same  reasons  as  before. 

c)  Experiments  in  presence  of  boron  fluoride  etherate.  In  experiments  with  from  1.25  to  12oJ„  boron 
fluoride  etherate,  at  100-150",  lasting  up  to  120  hours,  the  viscosity  of  the  cyclooctene  changes  appreciably, 
indicating  the  formation  of  polymerization  products. 

d)  Experiments  in  presence  of  anhydrous  aluminum  chloride.  As  with  boron  fluoride  etherate,  the  ac¬ 
tion  of  heat  in  presence  of  anhydrous  aluminum  chloride  (from  1  to  hojr)  at  150"  for  150  hours  results  in  the 
formation  of  thick,  even  more  viscous  polymerization  products  from  pale  yellow  to  brown  in  color. 

Thus  a  preliminary  study  of  the  polymerization  of  cyclooctene  in  presence  of  catalysts  of  the  ionic  type 
showed  that  the  course  of  the  polymerization  varies  with  the  nature  ef  the  catalyst.  As  aluminum  chloride 
proved  to  be  the  most  effective  catalyst  in  the  preliminary  experiments,  the  subsequent  experiments  were  carried 
out  in  presence  of  this  catalyst  (Table  1,  Fig.  1  ). 

TABLE  1 

Polymerization  of  Cyclooctene  at  65  and  100"  in  Presence  of  Aluminum 

Chloride 


Weight  of 
cyclooctene 

(in  ^ 

Reaction 
temperature 
(in  de^ 

Reaction 
time 
( in  hrs.) 

Yield  of  polymer 

Average 

rnolecular 

weight* 

In  g 

In  %  j 

2.8692 

65 

25 

0.7574 

26.4 

440.5 

2.1202 

65 

50 

1.2316 

58.08 

577.8 

1.6780 

65 

75 

1.1585 

75.00 

552.6 

3.6791 

65 

95 

3.1088 

84.40 

558.1 

1.6788 

100 

25 

0.5623 

33.5 

408.98 

1.4778 

100 

50 

0.9658 

65.35 

426.87 

1.6806 

100 

75 

1.4572 

86.70 

452.7 

•  Determined  cryoscopically. 


A 


Fig.  1.  Polymerization  of  cyclooctene  in  pre¬ 
sence  of  2.5%  aluminum  chloride. 

A)  Yield  (%),  B)  time  (hours). 

Temperature  ("C  )  ;  1)  65,  2)  100. 

Study  of  the  properties  of  cyclooctene  poly 


The  table  shows  that  the  yield  of  cyclo¬ 
octene  polymers  increases  with  duration  of  heat¬ 
ing  and  rise  of  temperature.  The  polymers  have 
low  molecular  weight. 

The  cyclooctene  polymers  were  isolated  as 
follows.  The  polymerization  product  was  dissolved 
in  benzene;  the  benzene  solution  was  treated 
thoroughly  with  5%  caustic  soda  solution  to  remove 
the  catalyst,  and  then  washed  with  water  to  a  neu¬ 
tral  reaction  (to  phenolphthalein  ).  The  catalyst- 
free  benzene  solution  of  the  polymer  was  first  sub¬ 
jected  to  ordinary  distillation  to  remove  cyclooc¬ 
tene  dimer  (at  136-142"  under  2  mm  residual 
pressure  ),  and  the  residue  was  then  dried  to  cons¬ 
tant  weight.  The  dried  product  was  a  brown  resin, 
solid  at  room  temperature,  but  readily  softening, 
le  rs. 


The  polymer  properties  studied  were  solubility,  molecular  weights,  and  bromine  numbers;  the  polymers 
were  also  analyzed  for  carbon  and  hydrogen. 
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Solubility  of  cyclooctene  polymers.  For  determination  of  the  solubility  of  cyclooctene  polymers,  test 
tubes  each  containing  10  mg  of  the  polymer  and  5  ml  of  solvent  were  shaken  for  24  hours.  The  polymer  was 
regarded  as  soluble  in  a  homogeneous  solution  was  formed. 

Cyclooctene  polymers  are  soluble  in  aromatic  and  aliphatic  hydrocarbons,  chlorinated  hydrocarbons, 
dioxane,  ctliers,  and  esters;  they  are  insoluble  in  acetone,  methanol,  and  acetic  acid,  and  partially  soluble  in 
butanol. 

Determination  of  molecular  weights  of  cyclooctene  polymers.  The  molecular  weights  were  determined 
cryoscopically,  as  the  polymers  obtained  were  of  low  molecular  weight.  Table  2  gives  the  results  of  die  mole¬ 
cular  weight  determinations. 

TABLE  2 

Results  of  Molecular  Weight  Determinations  of  Cyclooctene  Polymers 


Weight  of 

Weight  of 

Depression 

Molecular 

Average 

b^nze^e 

( in  deg). 

weight 

molecular  weight 

0.1638 

17.7 

0.105 

443.6 

J  440.5 

0.0820 

17.7 

0.054 

437.5 

0.0882 

15.8 

0.071 

400.9 

j  408.9 

0.1744 

15.8 

0.135 

416.9 

0.1025 

15.3 

0.080 

427.1 

j  426.9 

0.1984 

15.3 

0.155 

426.7 

0.1184 

17.1 

0.063 

560.4 

1  552.6 

0.2678 

17.1 

0.143 

554.9 

0.1120 

17.7 

0.058 

556.4 

1  558.1 

0.2040 

17.7 

0.105 

559.8 

Bromine  numbers  were  determined  by  Kaufman’s  method.  This  method  proved  quite  suitable  for  anal¬ 
ysis  of  cyclooctene  polymers.  The  bromine  numbers  found  are  given  in  Table  3. 


TABLE  3 


Determinations  of  Bromine  Numbers  of  Cyclooctene 


Average 
molec¬ 
ular  wt. 

Average  I 
deg.  poly- 
meriz. 
(approx.) 

Depression 
(in  deg) 

Molecular 

weight* 

440.5 

4 

36.8 

36.3 

408.9 

4 

35.5 

36.3 

426.9 

4 

36.01 

36.3 

552.6 

5 

29.86 

29.0 

558.1 

5 

28.8 

29.0 

*  For  the  tetramer  and  pentamer. 

As  the  table  shows,  the  bromine  numbers  cor¬ 
respond  to  one  double  bond  in  the  cyclooctene  polymer 
molecule. 


Polymers 


Fig.  2.  Infrared  spectra  of  cyclo¬ 
octene  monomer  and  polymer. 

A)  Transmission  (intyp),  B)  wave 
length  (in  p  ). 


In  order  to  establish  the  structure  of  cyclooctene  polymers,  the  infrared  spectra  of  cyclooctene  monomer 
and  of  our  polymer  were  obtained;  these  showed  the  stmeture  of  the  two  to  be  identical,  with  one  double  bond 
in  the  molecule  (Fig.  2). 

Elementary  analysis  of  the  polymers.  Analytical  data  for  the  polymers  are  given  in  Table  4. 
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TABLE  4 

Analytical  Data  for  Cyclooctcne  Polymers 


Weight 
(in  g) 

Amount  present  (in  g) 

Contents  (in  <^0) 

CO, 

H,0 

c 

H 

o.ioon 

0.3235 

0.1132 

87.52 

12.56 

0.1079 

0.3448 

0.1251 

87.21 

12.98 

0.1062 

0.3405 

0.1197 

87.48 

12.62 

0.1163 

0.3717 

0.1341 

87.23 

12.91 

0.1020 

0.3263 

0,1156 

87.30 

12.68 

0.1088 

0.3486 

0.1229 

87.46 

12.65 

Theoretical  for  the  monomer 

87.19 

12.83 

Analysis  of  the  cyclooctene  polymerization  products  by  Liebig's  method  shows  that  the  elementary  com¬ 
position  of  the  polymers  coincides  with  that  of  the  monomer. 

DISCUSSION  OF  RESULTS 

As  was  stated  above,  no  published  data  are  available  on  die  polymerization  capacity  of  cyclooctene, 
apart  from  the  formation  of  cyclooctene  dimer  by  the  action  of  dilute  sulfuric  acid. 

It  is  known  from  the  literature  data  on  the  polymerization  of  cyclic  olefins  that,  for  example,  cyclo¬ 
hexene  forms  low-molecular  polymers  under  the  action  of  various  catalysts. 

Our  investigation  of  the  thermal  polymerization  of  cyclooctene  at  70,  100,  150,  and  200“  for  100  hours 
showed  that  cyclooctene  is  an  exceptionally  stable  compound  and  does  not  undergo  any  changes  during  such 
treatment. 

Study  of  bulk  polymerization  of  cyclooctene  in  presence  of  initiators  of  the  radical  type  (benzoyl  per¬ 
oxide,  isopropylbenzene  hydroperoxide,  and  azobisisobutyronitrile  )  at  various  temperatures  (65-150“ )  showed 
that  in  the  conditions  used  cyclooctene  does  not  polymerize  or  undergo  any  changes.  Since  it  is  known  that  some 
unsaturated  monomers  are  polymerized  selectively  in  presence  either  of  initiators  of  the  radical  type;  or  of  ionic 
catalysts,  the  behavior  of  cyclooctene  in  presence  of  ionic  catalysts  was  studied.  The  catalysts  used  were  sul¬ 
furic  acid  (oleum),  stannic  chloride,  anhydrous  aluminum  chloride,  and  boron  trifluoride  etherate.  Only  very 
small  amounts  of  cyclooctene  polymers  are  formed  in  presence  of  sulfuric  acid  or  stannic  chloride.  The  most 
effective  catalysts  were  boron  tri fluoride  etlierate  and  anhydrous  aluminum  chloride,  which  induced  the  formation 
of  cyclooctene  polymers. 

The  catalysts  may  be  arranged  in  the  following  series  in  order  of  activity  in  cyclooctene  polymerization; 
anhydrous  aluminum  chloride  >  boron  trifluoride  etherate  >  stannic  chloride  >  sulfuric  acid. 

As  the  highest  yield  of  cyclooctene  polymers  was  obtained  with  anhydrous  aluminum  chloride,  all  the 
subsequent  investigations  of  the  polymerization  and  copolymerization  of  cyclooctene  were  carried  out  in  presence 
of  this  catalyst. 

In  presence  of  2.5<7o  of  anhydrous  aluminum  chloride,  cyclooctene  forms,  at  65“,  26<yo  polymer  in  25  hours, 
and  up  to  84<yo  polymer  in  95  hours.  The  polymer  yield  increases  with  rise  of  temperature  to  100“,  and  reaches 
86<7o  in  75  hours. 

The  polymerization  rate  of  cyclooctene  increases  with  increase  of  temperature  from  65  to  100“.  The 
cyclooctcne  polymers  obtained  under  lliesc  conditions  arc  brown  masses,  solid  at  room  temperature,  easily  soluble 
in  aromatic,  aliphatic,  and  chlorinated  hydrocarbons.  The  polymers  obtained  have  low  molecular  weights,  on 
the  average  from  400  to  558,  corresponding  to  mixtures  of  low-molecular  products  with  tetramers  and  pentamers 
predominant. 

Bromine  number  determinations  show  that  cyclooctene  polymers  contain  one  double  bond  in  the  molecule. 
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It  is  known  from  the  litcranirc  [13]  that  catalytic  polymerization  of  cyclopentenc  and  cyclohexene  under 
analogous  conditions  yields  polymers  of  tl>e  hexamer  type,  containing  one  double  bond  in  the  polymer  molecule. 

The  infrared  spectra  of  the  monomei  and  polynu-r  were  similar,  so  that  it  may  be  concluded  that  cyclo- 
octene  retains  its  configuration  on  polymerizalion.  This  also  confirmed  the  presence,  established  chemically, 
of  a  double  bond  in  the  polymer  molecule. 

As  is  known,  not  all  compounds  having  double  bonds  are  capable  of  polymerization.  Differences  of 
double  bond  activity  are  determined  by  the  nature  and  structure  of  the  original  substance,  and  also  by  the  num¬ 
ber,  nature,  and  relative  positions  of  the  substitutents.  For  example,  it  is  known  from  the  extensive  experimental 
data  available  on  this  subject  that  1,  2'substituted  ethylenes  have  a  lower  tendency  to  polymerization  than  the 
corresponding  asymmetric  compounds.  Moreover,  in  the  case  of  radical  polymerization,  steric  factors  influence 
polymerization,  while  they  are  less  important  in  catalytic  polymerization.  The  configuration  of  1,  2-disubstitut- 
ed  ethylenes  has  a  significant  effect  on  the  tendency  to  polymerization.  The  trans  isomers  are  usually  the  more 
active  [19],  The  lower  activity  of  cis  isomers  is  explained  by  the  fact  that  tlteir  structure  is  not  coplanar,  as 
has  been  demonstrated  by  models  of  maleic  and  fumaric  acids. 

In  the  light  of  all  these  considerations  it  is  possible  to  explain  tlie  absence  of  polymerization  in  cyclooc- 
tene  under  the  action  of  initiators  of  the  radical  type,  if  cyclooctene  is  regarded  as  a  peculiar  symmetrical  di- 
substituted  ethylene.  Moreover,  it  is  known  that  cyclooctene  prepared  by  catalytic  hydrogenation  of  cyclooctate- 
traene  is  the  cis  isomer,  i.e,  the  less  reactive  form.  The  whole  course  of  the  polymerization  process  is  typical 
of  ordinary  chemical  reactions  proceeding  by  consecutive  contacts  of  the  reacting  molecules  with  formation  of 
stable  low-molecular  compounds  at  each  step.  Such  step-reaction  polymerization,  as  is  known,  leads  to  the  for¬ 
mation  of  easily  fusible  and  brittle  low-molecular  resins. 

SUMMARY 

1.  In  a  study  of  the  polymerization  capacity  of  cyclooctene  in  presence  both  of  radical  type  initiators 
and  of  ionic  catalysts  it  has  been  shown  that  cyclooctene,  like  other  cycloolefins,  polymerizes  in  presence  of 
ionic  catalysts  only;  the  best  of  these  catalysts  is  anhydrous  aluminum  chloride. 

2.  The  catalytic  polymerization  of  cyclooctene,  which  apparently  proceeds  by  a  step-reaction  mechanism, 
yields  solid  brown  low-molecular  polymers,  mainly  tetramers  and  pentamers,  containing  one  double  bond  in  the 
chain. 
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CATALYTIC  CONVERSION  Or  A  MIXTURE  OR  PRIMARY  ALCOHOLS 
OF  ISO  STRUCTURE  INTO  KETONES* 

B.A.  Bolotov  and  N.A,  Roze  nbe  rg  -  Ma  rsho  va 


In  a  study  of  the  catalytic  conversion  of  primary  alcohols  over  activated  copper  catalysts  it  was  shown 
that  the  optimum  temperature  for  formation  of  ketones  is  325-350*  for  alcohols  of  normal  structure  [1-3],  and 
425-450“  for  alcohols  of  iso  structure  [4].  In  these  conditions  the  ketone  yields  are  40 -50o/p  calculated  for  the 
alcohols, 

Komarewsky  and  Smith  [5,  6]  obtained  two  symmetrical  and  one  nonsymmetrical  ketone  by  passing  a 
mixture  of  two  alcohols  over  a  chrome  catalyst  at  400-450*. 

In  an  earlier  investigation  on  the  catalytic  conversion  of  a  mixture  of  ethyl  and  n-butyl  alcohols  [3]  it 
was  shown  that  the  ketone  yields  were  determined  by  the  proportions  of  the  alcohols  taken,  and  also  by  the 
temperature  and  space  velocity.  Predominant  formation  of  asymmetrical  methyl  propyl  ketone  took  place  when 
the  alcohol  of  lower  molecular  weight  was  present  in  some  excess  in  the  mixture  [7]. 

The  purpose  of  the  present  investigation  was  to  establish  the  possibility  of  and  the  conditions  for  the 
formation  of  a  mixed  ketone  from  a  mixture  of  isobutyl  and  isoamyl  alcohols,  and  to  elucidate  the  mechanism 
of  this  conversion. 

The  investigations  showed  that  mixtures  of  isobutyl  and  isoamyl  alcohols  can  be  converted  into  ketones 
over  activated  copper  catalysts  at  425*  and  space  velocity  CSV)  of  150. 

The  condition  for  formation  of  isopropyl  isobutyl  ketone  is  that  the  original  alcohols  should  be  taken  in 
equimolecular  proportions;  an  increase  in  the  relative  amount  of  either  alcohol  results  in  an  increased  yield  of 
the  symmetrical  ketone  corresponding  to  that  alcohol,  with  a  simultaneous  decrease  in  the  yields  of  other  ketones. 

EXPERIMENTAL 

The  conversion  of  a  mixture  of  primary  isobutyl  and  isoamyl  alcohols  into  ketones  was  studied  over  an 
activated  copper  catalyst  [8],  the  activity  of  which  in  reactions  of  this  type  had  been  proved  in  earlier  investiga¬ 
tions.  The  experiments  were  carried  out  in  presence  of  hydrogen  in  the  apparatus  described  previously  [1].  A 
mixlture  of  primary  isobutyl  and  isoamyl  alcohols,  with  boiling  points  106-108*  and  130-132*  respectively,  in 
equimolecular  proportions,  was  used  as  the  starting  mixture. 

The  effects  of  temperature  and  alcohol  ratio  on  ketone  yields  were  studied  at  a  ratio  of  I;!  (molar)  of 
alcohol  mixture  to  hydrogen,  and  a  constant  space  velocity  of  150.  The  influence  of  space  velocity  (contact 
time  )  was  studied  only  for  an  equimolecular  alcohol  mixture  at  400*.  Mixtures  of  isobutyl  and  isoamyl  alcohols 
in  2;1  and  1:2  proportions  respectively  were  studied.  The  results  of  the  experiments  are  given  in  Tables  1  and  2  and 
in  Figs.  1  and  2. 

The  results  show  that  at  300-350*  esters  and  aldehydes  are  formed,  the  yield  of  esters  at  lower  tempera¬ 
tures  being  higher  than  the  yield  of  aldehydes.  Different  quantitative  relationships  are  found  in  the  condensate 
at  temperatures  above  350*;  the  amount  of  esters  and  aldehydes  decreases  sharply  and  the  amount  of  ketones 
increases.  This  shows  that  at  275-325*  tlie  catalyst  directs  the  reaction  toward  ester  condensation  of  aldehydes, 
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while  at  temperatures  above  375*  the  function  of  the  catalyst  changes,  and  ketone  formation  predominates.  With 
one  of  the  alcohols  present  in  excess  in  the  mixture,  of  the  four  esters  formed  in  the  conversion  eitlrer  isobutyl 
isobutyrate  or  isoamyl  isovalerate  predominates,  depending  on  which  alcohol  is  present  in  excess.  The  same  re¬ 
lationship  is  found  in  the  composition  of  the  aldehydes  formed,  the  maximum  yield  of  which  is  obtained  at  325*, 
when  the  dehydrogenating  properties  of  the  copper  catalyst  are  most  pronounced.  Increase  of  temperature  favors 
aldehyde  condensation,  which  results  in  the  formation  of  diisopropyl  ketone,  isopropyl  isobutyl  ketone,  and  dii¬ 
sobutyl  ketone,  the  total  yield  of  which  at  425*  reaches  41-44<yo  calculated  on  the  original  alcohol  mixture.  The 
predominance  of  one  of  the  alcohols  in  the  mixture  significantly  influences  the  yield ^of  symmetrical  ketones 
and  has  little  effect  on  the  asymmetrical  ketone  yield.  These  findings  were  confirmed  by  experiments  with  a 
6:1  initial  alcohol  ratio  (Table  3). 

TABLE  1 

Conversion  of  a  Mixture  of  Isobutyl  and  Isoamyl  Alcohols  in  2;1  Ratio 


Tempera¬ 
ture  (deg) 

Yield  of 
condensate 

w 

Y  ield  ( in  70  on 

the  original  mixture. ) 

Total 
yield  of 
ketones 

(  7o) 

isoal- 

dehides 

diisopro¬ 
pyl  keto¬ 
ne 

isopro¬ 
pyl  iso- 
Dutyl  ke- 
tpne 

diisobutyl 

ketone 

isobutyl 
isobuty  - 
rate 

higher 
esters  * 

800 

63.4 

16.0 

1.4 

4.0 

1.0 

11.1 

13.0 

6.4 

326 

66.3 

19.3 

3.2 

6.6 

2.1 

6.8 

8.8 

12.0> 

350 

66.0 

20.3 

4.6 

8.1 

6.0 

4.7 

6.9 

17.7 

876 

63.7 

11.0 

7.4 

9.5 

6.5 

2.5 

4.0 

22.4 

400 

51.0 

5.2 

13.9 

10.7 

6.1 

0.0 

0.0 

30.7 

425 

60.0 

1.4 

19.4 

16.4 

8.8 

0.0 

0.0 

44.0 

450 

58.0 

3.0 

16.7 

12.4 

4.4 

0.0 

0.0 

33.6 

*  Mixture  of  metameric  esters:  isobutyl  isovalerate,  isoamyl  isobutyrate,  and 
isoamyl  isovalerate. 

TABLE  2 

Conversion  of  a  Mixture  of  Isobutyl  and  Isoamyl  Alcohols  in  1:2  Ratio 


^*0 

E  ^ 

<U  a 

H  ^ 

Yields  of 
condensate 

_ 

Yield  (in  <^o  on  the  original  mixture  ) 

Total  yield 
of  ketones 
(ic) 

isobu- 

tyral- 

dehide 

iso  Vale - 
raldehy- 
de 

diisOpro- 
pyl  ke¬ 
tone 

isobu¬ 
tyl  bu¬ 
tyrate 

isopropyl 

isobutyl 

ketone 

diisobu¬ 
tyl  ke¬ 
tone 

higher 

esters 

300 

77.9 

9.0 

24.8 

1.6 

1.0 

0.9 

5.5 

14.3 

8.0 

325 

86.5 

13.2 

24.6 

2.6 

2.3 

4.2 

7.6 

14.8 

14.4 

350 

91.0 

3.5 

13.0 

4.6 

0.7 

4.3 

12.8 

15.6 

21.7 

375 

86.2 

1.3 

5.3 

6.1 

0.4 

6.4 

15.1 

9.8 

27.6 

400 

73.2 

0.8 

1.7 

6.9 

0.0 

16.6 

20.1 

0.0 

37.5 

425 

61.0 

0.0 

0.7 

6.4 

0.0 

15.9 

19.2 

0.0 

40.5 

450 

67.8 

0.0 

1.2 

4.2 

0.0 

16.5 

15.8 

0.0 

85.5 

Excess  of  isobutyl  alcohol  in  the  original  mixture  favors  a  considerable  increase  of  the  yield  of  diiso¬ 
propyl  ketone  and  a  decrease  of  the  yield  of  other  ketones.  The  total  yield  of  ketones  remains  roughly  constant 
at  any  one  temperature  with  any  proportions  of  the  alcohols. 

The  composition  of  the  gas  formed  at  various  temperatures  serves  as  an  indication  of  the  reactions  taking 
place  at  the  catalyst.  The  considerable  amounts  of  carbon  dioxide  formed  at  300-350*  indicate  that  under  these 
conditions  decomposition  of  esters  takes  place,  leading  to  formation  of  ketones. 


RCHgOH  RCHO  RCH2OCOR  RGOR. 

— CnH,n 
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At  temperatures  above  375"  the  carbon  monoxide  content  of  the  gases  increases,  indicating  that  under 
tliese  conditions  conversion  of  alcohols  into  ketones  through  the  stage  of  aldol  condensation  of  the  aldehydes 
predominates. 

RGHgOH  RGHO  RGHOHRGHO  RGOR. 

-H, 


Fig.  1.  Effect  of  temperature  on  the 
yields  of  ketones,  aldehydes,  and  esters 
at  2;1  ratio  of  isobutyl  and  isoamyl  al¬ 
cohols  in  the  mixture  and  SV  =  150. 

A)  Yield  (in  wt.  ojr  on  the  original  al¬ 
cohol  mixture  ),  B)  temperature  ( *C  ) 
1)  Diisopropyl  ketone,  2)  isopropyl 
isobutyl  ketone,  3)  diisobutyl  ketone, 
4)  isoaldehydes,  5)  esters. 


Fig.  2.  Effect  of  temperature  on  the 
yields  of  ketones,  aldehydes,  and  esters 
at  1:2  ratio  of  isobutyl  and  isoamyl  al¬ 
cohols  in  the  mixture  and  SV  =  150. 

A)  Yield  (in  wt.c/oon  the  original  al¬ 
cohol  mixture),  B)  temperature  (*C  ). 
1)  Diisobutyl  ketone,  2)  isopropyl 
isobutyl  ketone,  3)  diisopropyl  ketone 
4)  isoaldehydes,  5)  esters. 


TABLE  3 

Conversion  of  a  Mixture  of  Isobutyl  and  Isoamyl  Alcohols  in  5;1  Ratio 


Tempera¬ 
ture  (deg) 

Yield  of 
condensate 

_ 

Yield  (in  on  the  original  mixture  ) 

Total  yield 
of  ketones 
(%) 

isobuty- 

raldehyde 

hyde 

isovale - 
ral  de- 
hyde 

diisopro¬ 
pyl  ke¬ 
tone 

isobutyl 

butyrate 

isopropyl 

isobutyl 

ketone 

diisobu¬ 
tyl  ke¬ 
tone 

higher 

esters 

300 

77.6 

17.0 

4.2 

2.1 

16.7 

1.9 

1.3 

8.3 

6.3 

325 

81.3 

17.7 

6.4 

6.2 

16.6 

6.0 

1.8 

8.0 

13.0 

360 

83.2 

15.6 

6.3 

6.9 

9.8 

8.3 

3.1 

3.9 

17.3 

375 

76.4 

8.0 

2.2 

8.9 

5.6 

8.9 

4.3 

2.8 

22.1 

400 

64.0 

1.4 

1.4 

18.8 

0.0 

10.2 

4.3 

0.0 

33.3 

425 

60.0 

0.0 

0.0 

26.0 

0.0 

11.5 

6.7 

0.0 

43.2 

450 

60.0 

0.0 

0.0 

22.0 

0.0 

10.8 

4.3 

0.0 

35.1 

Table  4  and  Fig.  4  give  the  results  of  experiments  on  the  effect  of  the  alcohol  ratio  in  the  original  mix¬ 
ture  on  the  ketone  yields  at  the  optimum  temperature  for  ketone  formation  (425"). 

The  results  show  that  the  highest  yield  of  mixed  ketone  is  obtained  at  1:1  alcohol  ratio.  The  total  yield 
of  ketones  reaches  41-42<yo  and,  as  has  already  been  stated,  does  not  depend  on  the  alcohol  ratio.  Esters  are 
completely  absent  from  condensates  formed  at  this  temperature,  and  aldehydes  and  alcohols  are  present  in  only 
small  amounts  (7-8<yo).  The  gases  contain  carbon  dioxide  and  hydrocarbons  of  the  series  in  equal  amounts 

(about  2-2.5%),  and  also  carbon  monoxide  (9-10%).  The  large  amount  of  CO  indicates  that  in  these  conditions 
ketone  formation  by  way  of  aldol  condensation  of  aldehydes  predominates.  It  should  be  pointed  out,  however, 
that  in  these  conditons  the  possible  formation  of  ketones  from  esters  which  decompose  at  high  temperatures  can¬ 
not  be  completely  excluded. 
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TABI.F  4 

Variations  of  Ketone  Yields  at  425"  with  the  Ratio  of  Aleohols  in  the  Mixture 


Ratio  of  iso- 
butyl  to  iso- 
amyl  alco¬ 
hol 

Yield  of 
condensate 
(in  wt.  %) 

Yields  (in  wt.%  on  the  original  mixture) 

Total 

yield 

of 

ketones 

isobuty- 

raldehyde 

isovale - 
raldehy  - 

diisopropyl 

ketone 

isopropyl 
j  isobutyl 
'  ketone 

diisobu¬ 

tyl 

ketone 

5:1 

60.0 

0.0 

0.0 

26.0 

11.5 

4.3 

41.8 

4:1 

66.4 

0.3 

0.0 

24.8 

13.0 

4.7 

42.4 

3  : 1 

68.4 

0.8 

0.5 

21.2 

15.0 

5.1 

41.3 

2:1 

60.0 

0.8 

0.5 

19.4 

16.4 

8.3 

44.0 

1 : 1 

70.0 

0.8 

1.1 

10.6 

23.0 

14.6 

44.3 

1:2 

61.0 

0.7 

1.3 

6.7 

17.0 

17.4 

41.0 

1 : 3 

68.0 

1.1 

2.5 

3.5 

6.5 

23.4 

33.4 

with  temperature  in  the  conversion  of  iso- 
butyl  and  isoamyl  alcohols  into  ketones  at 
molar  ratios  of  1:2,  2:1,  and  SV=  150. 

A)  Composition  of  gas  (in  vol.%),  B) 
temperature  (“C  ) 

1)  C^Hzn  (2:1),  2)  (1:2)  . 

3)  CO2  (1:2),  4)  CO2  (2:1),  5)  CO 

(1:2),  6)  CO  (2;1). 


A 


Isobutyl  Alcohol  Tsoamyl  Alcohol 
Fig.  4.  Etfect  of  alcohol  ratio  in  the  mixture 
on  the  yields  of  ketones  and  aldehydes  at 
425“  and  SV  =  150. 

A)  Yield  (in  wt.  <ypOf  the  original  alcohol 
mixture),  B)  alcohol  ratio  in  the  mixture 
(molar). 

1)  Diisopropyl  ketone,  2)  isopropyl  iso¬ 
butyl  ketone,  3)  diisobutyl  ketone,  4)  iso- 
aldehydes. 


TABLE  5 

Effect  of  Space  Velocity  on  Yields  of  Ketones  and  Esters  at  1:1  Alcohol  Ratio  and  400* 


Experimen¬ 
tal  condit. 

Yield  of  conden¬ 
sate  ( in  % ) 

Composition  of  gas 
(in  vol.  ®7o) 

Yields  (in  wt.  <^o  on  the  original 
mixture) 

SV 

contact 
time  (sec) 

6 

0 

c 

c, 

1  K 

1 

0 

0 

Isobutyral- 

dehyde 

isovaleral- 

dehyde 

diisopropyl 

ketone 

u 

diisobutyl 

ketone 

isobutyl  iso¬ 
butyrate 

meta  meric 
esters 

isoamyl 

isovalerate 

150 

24.0 

71.0 

3.8 

9.7 

1.2 

85.0 

1.6 

2.3 

7.4 

18.4 

11.6 

0.0 

1.3 

0.0 

250 

14.4 

80.0 

2.5 

7.8 

0.8 

90.0 

5.5 

6.1 

5.3 

9.2 

9.0 

5.0 

2.0 

1.0 

350 

10.3 

82.5 

2.1 

5.8 

0.0 

89.0 

8.8 

9.9 

4.8 

8.4 

7.0 

5.0 

3.0 

2.0 

450 

8.0 

00.0 

1.2 

3.2 

0.0 

95.0 

5.5 

6.0 

6.0 

8.0 

6.0 

6.0 

4.0 

2.3. 

A 


2^.0  m  103  &0  c 

Fig.  5.  Effect  of  contact  time  on 
yields  of  ketones,  aldehydes,  and 
esters  at  400“  and  I;!  alcohol  ratio. 

A)  Yield  (in  wt.  o/r  on  the  original 
alcohol  mixture),  B)  space  velocity, 
0  contact  time  (seconds). 
l)Isopropyl  isobutyl  ketone,  2)  di- 
isobutyl  ketone,  3)  diisopropyl  ketone, 
4)  isoaldehydes,  5)  isobutyl  isobutyr¬ 
ate,  6)  metameric  esters,  7)  isoamyl 
isovalerate. 


This  is  confirmed  by  experiments  at  space  veloci¬ 
ties  2-3  times  as  high.  The  condensates  so  formed  con¬ 
tained  esters.  Table  5  and  Fig.  5  give  the  results  of  ex¬ 
periments  at  400*  and  space  velocities  above  150.  A 


threefold  decrease  of  contact  time( 


3600 

SV 


seconds)  re¬ 


sults  in  a  proportionate  increase  in  the  amounts  of  alde¬ 
hydes  and  unreacted  alcohols  (from  6  to  18%)  in  the 
condensate,  the  yields  of  esters  in  these  conditions  being 
nearly  9  times  as  high,  while  the  ketone  yields  decrease. 
The  carbon  dioxide  and  carbon  monoxide  contents  in  the 
gases  fall  sharply.  The  explanation  for  these  changes  is 
that  the  rate  of  dehydrogenation  of  alcohols  to  aldehydes 
and  the  rate  of  condensation  of  the  latter  to  esters  are 
much  higher  than  tlie  rates  of  ketone  formation  from 
aldehydes  and  from  esters.  The  esters  obtained  were 
distilled  to  yield  fractions  corresponding  to  isobutyl  iso- 
butyrate  and  isoamyl  iso  valerate,  and  also  a  fraction  con¬ 
taining  a  mixture  of  metameric  esters  which  could  not 
be  identified  by  distillation  because  of  the  narrow  boiling 
range  (169-171*).  These  esters  were  identified  by  sapo¬ 
nification  of  this  fraction  by  alcoholic  alkali  and  subse¬ 
quent  determination  of  the  free  acids  by  the  silver  nitrate 
reaction.  Analysis  showed  that  isobutyl  isovalerate  and 
isoamyl  isobutyrate  are  present  in  the  condensate  in  a 
molar  ratio  of  1:1. 


The  isoaldehydes  and  symmetrical  ketones  formed  were  isolated  pure;  their  physical  constants  were  de¬ 
termined,  and  derivatives  prepared.  Their  characteristics  were  identical  with  those  published  previously  [4] 
and  are  therefore  not  given  here. 


The  isopropyl  isobutyl  ketone  had  b.p.  146.5-147*,  d^  0.8138,  n®  1.4089  (literature  data  [9]  :  b.p. 
146-148*,  dj*  0.81223).  ^ 


The  semicarbazone  with  m.p.  142*  (literature  data  [9];  142.0*  and  2,  4-dinitrophenylhydrazone  with  m.p. 
114-116*  containing  24.6%  nitrogen  (calculated  24.56%)  were  prepared. 


SUMMARY 

1.  A  mixture  of  primary  isobutyl  and  isoamyl  alcohols  passed  over  activated  copper  catalyst  is  converted 
into  symmetrical  diisopropyl  and  diisobutyl  ketones  and  the  asymmetrical  isopropyl  isobutyl  ketone.  The  total 
yield  of  these  ketones  at  425*  reaches  41-42%. 

2.  The  ketone  yields  depend  on  the  alcohol  ratio  in  the  original  mixture.  The  maximum  yield  of  iso¬ 
propyl  isobutyl  ketone  is  obtained  with  equimolecular  proportions  of  isobutyl  and  isoamyl  alcohols,  and  reaches 
23%  at  425*. 

3.  Increase  of  the  space  velocity  at  this  tempererature  lowers  the  yield  of  ketones  and  raises  the  yields 
of  aldehydes  and  esters. 

4.  It  was  experimentally  shown  that  formation  Of  ketones  from  alcohols  of  iso  structure  proceeds  mainly 
by  way  of  aldehyde  and  aldol  formation. 
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BRIEF  COMMUNICATIONS 

REMOVAL  OF  DUST  FROM  GASES  BY  THE  FOAM  METHOD 

M.E.  Pozin,  I.P.  Mukhlenov,  and  E.Ya.  Tarat 
The  Lensoviet  Technological  Institute,  Leningrad 

It  was  shown  earlier  [1]  that  under  definite  hydrodynamical  conditions  of  operation  of  foam  gas  scrubbers 
[2]  the  degree  of  dust  removal  rj  depends  on  the  physical  properties  of  the  dust,  expressed  by  the  Stokes  criterion: 

r^  =  ASlk'\  (1) 

It  can  be  found*  from  earlier  data  [1]  that  for  a  wetted  foam,  its  degree  of  removal  77,  expressed  as 
a  fraction  of  unity,  is  given  by  the  equation; 

■n  =  0.86  =  0.86  (2) 


where  y  is  the  density  of  the  dust  (in  kg  /  m*),  6  is  the  average  diameter  of  the  dust  particles  (in  rn),  w  is 
the  gas  speed  in  the  full  section  of  the  apparatus  (in  m/ second*),  p  is  the  dynamic  coefficient  of  viscosity 
of  tlie  gas  (in  kg.sec  /  m*),  and  d^  is  the  diameter  of  the  holes  in  the  grid  of  the  foam  apparatus  (in  m). 

However,  the  values  of  tj  found  from  this  equation  correspond  only  to  one  definite  hydrodynamic  regime, 
which  was  deliberately  chosen  as  a  nonoptimum  regime,  as  it  was  then  easier  to  determine  the  influence  of  the 
dust  properties  on  the  degree  of  purification.  Nevertheless,  hydrodynamic  factors  (gas  speed  ^  in  the  full 
section  of  the  apparatus,  liquid  flow  rate  i  on  the  grid,  height  of  the  overflow  baffle  on  the  grid  hj^,  etc.)  de¬ 
termine  foam  formation  in  the  foam  apparatus  and  accordingly  influence  the  degree  of  dust  removal.  Since 
the  height  of  the  foam  layer  on  the  scrubber  grid  may  be  increased  by  variation  of  the  hydrodynamic  factors, 
higher  efficiencies  can  be  attained  in  industrial  scrubbers  by  these  means. 

We  give,  as  an  example,  the  results  of  our  experiments  on  the  removal  of  apatite  and  nepheline  dust 
in  a  laboratory  model  of  a  three -shelf  foam  scrubber  described  in  our  book  [3],  in  which  only  the  bottom  grid 
with  holes  6  mm  in  diameter  and  12  mm  apart  was  used.  Artificially  dusty  air  was  purified  by  scrubbing  it 
with  water.  The  initial  dust  content  of  the  air  was,  on  the  average,  2  g/m*  ,  most  of  the  dust  particles  were 
20-25p  in  diameter,  and  the  density  of  the  dust  was  3.3  g/cc.  The  dust  content  of  the  air  before  and  after 
scrubbing  was  determined  by  the  filtration  method. 

In  the  experiments,  the  air  speed  w  in  the  full  section  of  the  apparatus  was  varied  between  1  and  2.5 
m/ second,  the  water  flow  i  (amount  of  water  per  1  m  length  of  the  overflow  orifice)  from  1  to  5  m*/  m*)iour, 
and  the  baffle  height  hj^  from  0  to  70  mm.  These  ranges  of  operating  conditions  of  the  foam  equipment  are 

•  In  the  paper  cited  [1],  in  Equations  (3)  and  (4)  and  in  Tables  (3)  and  (4)  the  values  of  Stk  are 
given  10*  times  too  low,  in  error  (Stk  •  10*  instead  of  Stk  is  given).  With  the  correct  values  of  Stk  Equations 
(3)  and  (4)  in  this  paper  should  have  the  following  form  (with  the  degree  of  dust  removal  expressed  in  %) ; 

0  =  86.2  (3) 

rj -::r  86.2 
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the  most  suitable  for  dust  removal,  as  they  ensure  the  necessary  foaming  on  the  grids  of  the  chosen  dimensions, 
with  simultaneous  flow  of  part  of  tlie  liquid  through  the  holes  in  the  grid,  which  is  necessary  to  prevent  clogging 
of  the  apparatus  with  dust. 

Let  us  consider  the  effect  of  tlie  height  of  the  mobile  foam  layer  H  —  the  principal  characteristic  of  tlie 
hydrodynamic  regime  in  the  apparatus  -  on  the  rate  coefficient  of  dust  removal  K.  The  value  of  K  indicates 
the  amount  of  dust  absorbed  in  unit  time  by  unit  area  of  the  grid  at  an  average  dust  concentration  of  unity,  and 
represents  the  performance  rate  of  the  scrubber  [2,  4],  This  relationship  is  shown  in  Fig.  1,  where  it  is  seen  that 
the  rate  coefficient  of  dust  removal  increases  steadily  with  increasing  foam  height.  Therefore  all  the  factors 
whicli  determine  the  height  of  the  foam  layer  formed  on  the  grid  also  influence  the  value  of  K.  The  gas  speed 
has  a  special  effect,  as  increase  of  w  not  only  results  in  an  increase  of  H,  but  the  absolute  amount  of  scrubbed 
gas  also  increases,  i.e.,  the  equipment  operates  at  a  higher  rate.  The  experimental  points  in  Fig.  1  may  be 
represented,  witli  an  accuracy  adequate  for  practical  purposes,  by  a  family  of  straight  lines,  the  general  equation 
for  which  is 


/:  =  //+ 1.95«;  — 0.09,  (5) 


where  K  and  are  in  m/  second,  and  H  is  in  meters. 


Fig.  1,  Variation  of  the  rate  coefficient  of 
dust  removal  with  foam  height.  Apatite  and 
nepheline  dust,  6  =  20-25  p;  initial  dust 
content  in  air  =  2  g  /  m*;  12/  6  grid. 

A)  Rate  coefficient  of  dust  removal  K  (in 
m/  second),  B)  foam  height  H  (in  m  ). 

Gas  speed  w  (in  m/ second );  1)  1,  2)  1.5, 
3)  2,  4)  2.5. 


It  must  be  pointed  out  that  this  formula 
is  valid  only  for  values  of  H  between  0.04  and 
0.2  meters,  for  which  it  was  derived,  and  arbitrary 
values  of  H  and  w  cannot  be  substituted  into  it, 
as  tliese  values  are  interconnected. 

It  may  be  mentioned  here  that  the  foam  H 
(in  m)  in  conditions  approximating  those  pre¬ 
vailing  in  the  present  instance  is  given  [3]  by  the 
equation 

H  =  0.65i/>  (/to  4-  0.015)  -f  2%,  (5a) 


where  ho  is  the  height  of  the  original  layer  of 
water  (in  m). 

Let  us  consider  the  relationship  between  the 
rate  coefficient  of  dust  removal  K  and  the  degree 
of  removal  tj  .  The  rate  coefficient  is  calculated 
by  the  formula 


K 


G  g  _ 

SC^y  •  sec.  •  g/M3 


( m/  sec) 


(6) 


where  G  is  the  amount  of  dust  caught  in  the  ap¬ 
paratus  (in  g/  second),  S  is  the  area  of  the  grid 
(in  m^),  and  is  tlie  average  dust  concentra¬ 
tion  in  the  gas  (in  g/  m*). 

The  values  of  G  and  can  be  expressed 
in  terms  of  the  initial  and  residual  dust  contents 
of  the  gas  and  Cj.  ; 


G=rr.Sw  (C^—C  )  and 


^av  = 


Ci  -f-  Cj 


(6^ 
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Then 


.9w(Ci  — Cj) 
Ci  4-  ('T 

^—r~ 


2w 


Ci-Cr 


Ci-i-C, 

Ci 


(7) 


AikI  since 


C^-C, 

Ci 


=  T)  and 


^•1 


=rr  2  —  If), 


then 


(8) 


and  hence 

.  2/i: 

"'~2u;4-A”  (9) 


This  relationship  between  efficiency  and  mass-transfer  coefficient,  determined  earlier  for  interaction  of 
phases  in  crossflow  [5],  is  approximate  because  of  the  assumption  that  the  dust  concentration  in  the  gas  stream 
varies  linearly  along  the  height  of  the  foam  layer.  It  may  be  used,  with  an  accuracy  adequate  for  practical 
purposes,  for  calculating  the  degree  of  dust  removal  from  a  known  value  of  the  rate  coefficient  of  dust  removal, 
and  vice  versa. 


4 
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60  80  100  m  m  wo  wo  200 

Fig.  2.  Variation  of  the  degree  of  dust  removal  with  foam 
height. 

Apatite  and  nepheline  dust,  6  =  20-25  p;  initial  dust 
content  of  air  Q  =  2  g/  m*,  grid  12/  6. 

A)  Degree  of  dust  removal  rj  (in^o  ),  B)  foam  hei^t  H 
(in  m). 

A  curve  for  tj  as  a  function  of  H,  representing  an  average  for  all  values  of  w,  calculated  by  substitution 
of  Formula  (5  )  into  Formula  (9),  is  given  in  Fig.  2.  The  same  diagram  shows  experimental  data;  here  the 
scattering  of  the  points  for  different  values  of  w  is  not  great.  This  graph  may  be  used  for  approximate  deter¬ 
mination  of  the  foam  layer  height  necessary  to  give  a  required  degree  of  removal  of  dust  of  the  given  degree  of 
dispersion  (6  =  20-26  p).  It  is  seen  that  a  foam  layer  60-100  mm  high  is  enough  for  very  efficient  gas 
purification,  while  almost  complete  removal  of  the  dust  is  attained  at  H  =  200  mm. 
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Thus,  the  functional  relationship  between  both  the  rate  coefficient  of  dust  removal  and  the  percentage 
removal,  and  the  height  of  -the  mobile  foam  includes  the  influence  of  all  the  other  factors  which  determine  the 
regime.  It  was  shown  earlier  [3]  that 


where  h^  is  the  height  of  the  overflow  opening,  lying  along  the  whole  width  of  the  grid. 

Therefore  we  can  write; 

•n  =  <p(u>,  i,  ft.,  ftc)- 

(11) 

After  dimensional  analysis,  this  functional  relationship  may  be  written  in  criterial  form 


(12) 


where  tlie  dimensionless  quantity  Z  represents  the  influence  of  the  hydrodynamic  conditions  for  the  given 
physical  properties  of  the  dust  and  liquid.  Being  the  criterion  of  the  extent  of  the  interphase,  Z  characterizes 
the  dust  deposition  area. 

To  obtain  Equation  (12)  in  explicit  form,  a  graph  for  tj  as  a  function  of  Z  has  been  plotted  in  Fig.  3 
from  experimental  data  obtained  in  removal  of  apatite  dust. 


Fig.  3.  Degree  ot  dust  removal  as  a  function  of  the  criterion  Z. 
A)  Degree  of  dust  removal  tj  (in  fractions  of  unity  ). 


B)  criterion  Z  = 


All  the  experimental  points  fit  satisfactorily  on  a  straight  line  plotted  in  logarithmic  coordinates,  the  equation 
for  the  line  being 


rj  =  l.Oi  =  1.01  f-,.  <12a) 

where  tj  is  the  degree  of  dust  removal  (in  fractions  of  unity),  w  is  the  gas  speed  in  the  full  section  of  the 
apparatus  (in  rn?/ m. second),  g  is  acceleration  due  to  gravity  (in  m/ second^  ,  h^,  ‘is  the  height  of  the  over¬ 
flow  orifice  (in  m),  h  is  the  height  of  the  baffle  (in  m). 

This  formula  was  derived  for  a  model  of  a  foam  dust  scrubber  operating  in  conditions  such  that  there 
was  always  free  overflow  of  the  foam  from  the  grid  without  the  foam  being  supported  on  the  grid.  Therefore, 
to  maintain  similarity  in  modeling,  it  is  necessary  to  keep  the  same  conditions  in  industrial  scrubbers,  which 
is  easily  achieved  by  always  having  an  overflow  opening  of  constant  height,  equal  to  h^,  in  the  model,  i.e„ 
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hg  =  0.1  m,  and  the  following  condition  must  be  satisfied; 

h„  —  h  >  0.03  m. 
®  b 


Equation  (12a)  can  then  be  written  as 


rj=1.01  = 


-,0.005 


g(0.1 


‘b>^ 


(12b) 


It  must  be  pointed  out  that  Formula  (12b)  should  also  be  used  when  h^  ^  0.1  m,  or  for  an  internal 

overflow  orifice  of  different  form,  so  long  as  there  is  free  overflow  of  foam  from  the  grid. 

Thus,  the  degree  of  removal  of  dust  with  given  characteristics  is  determined  by  the  criterion  Z  according 
to  Formula  (12b).  The  influence  of  the  physical  properties  of  the  dust  is  reflected  by  the  criterion  Stk  according 
to  Formula  (2),  for  wetted  dust. . 

In  the  general  case,  the  degree  of  removal  of  wetted  dust  in  a  layer  of  mobile  foam  depends  both  on  the 
criterion  Z  and  the  criterion  Stk,  as  reflected  by  the  generalized  equation; 


The  same  equation  is  applicable  to  dust  which  is  not  easily  wetted,  under  the  condition  that  Stk  >1.  If 
Stk  <  1,  then  for  such  dust; 

=  (14) 

The  validity  of  Equation  (13)  is  clearly  demonstrated 
by  the  correlation  graph  (Fig.4)  plotted  on  the  basis  of  our 
extensive  experimental  data  [1,  2]. 


Fig.  4.  Comparison  of  experimental  and 
calculated  data  on  dust  removal. 

A)  Degree  of  dust  re'moval  tj  (in  frac¬ 
tions  of  unity),  $)  Stk 


SUMMARY 

1.  The  degree  of  removal  of  dust  from  gases  in 
foam  scrubbers  depends,  in  addition  to  the  physical  pro 
perties  of  the  dust,  also  on  the  operating  conditions 
which  determine  the  height  of  the  mobile  foam  layer 
on  the  grid. 

2.  The  relationship  between  the  degree  of  dust 
removal  and  the  rate  coefficient  of  dust  removal  has 
been  determined. 

3.  Criterial  Equations  (8-9)  and  (13-14)  have 
been  derived;  these  may  be  used  for  complete  calcu¬ 
lations  d  industrial  foam  gas  scrubber  design,  or  for 
analysis  of  scrubber  performance,  and  they  also  deter¬ 
mine  the  similarity  conditions  for  modeling. 
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EFFECT  OF  S  UL  F  UR  CO  M  POU  ND  S  ON  THE  PARTICLE  SIZE 
DISTRIBUTION  OF  ALUMINUM  HYDROXIDE  DURING 
THE  DECOMPOSITION  OF  ALUMINATE  SOLUTIONS 

S.I.  Kuznetsov  and  S.F.  Vazhenin 


In  the  production  of  alumina  by  caustic  processes,  the  aluminate  solutions  become  contaminated  with 
sulfur  compounds.  The  sources  of  sulfur  in  these  solutions  are  mainly  bauxites  and  the  coal  used  as  fuel  in 
treating  the  ore. 

Sulfur  in  aluminate  solutions  is  usually  present  as  sodium  sulfide,  sulfite,  and  sulfate.  Its  total  content 
in  the  solutions  is  0.1-6  g  NajO^yjf  per  liter. 

Very  little  information  is  available  in  the  literature  on  the  influence  of  these  compounds  on  the  tech¬ 
nology  of  alumina  production.  Most  of  the  data  refer  to  the  influence  of  sulfur  compounds  on  the  yield  of  AI2O3 
in  the  decomposition  of  aluminate  solutions  [1,2].  Almost  nothing  is  known  of  the  influence  of  these  substances 
on  the  particle  size  distribution  of  the  aluminum  hydroxide  formed  in  the  process.  The  only  piece  of  information 
is  in  Mazel  's  book  [1]  which  states  that  additions  of  sodium  sulfate  favor  an  increase  of  the  particle  size  of 
aluminum  hydroxide. 

In  view  of  the  undoubted  interest  of  this  question  for  the  alumina  industry,  we  have  made  a  study  of  the 
influence  exerted  by  sodium  sulfide  and  sulfate  on  tlie  particle  size  distribution  of  aluminum  hydroxide  formed 
by  decomposition  of  aluminate  solutions. 

The  influence  of  sodium  sulfate  was  not  studied,  as  data  on  this  are  available  in  the  literature  [1]. 


EXPERIMENTAL 

The  original  aluminate  solutions  used  contained  from  114  to  125  g/ liter  Cf  Al2P5and  from  140  to  143  g/ 
liter  of  N^tjOtotal’  molar  ratio  Na20j.Qj3j  :  AI2O3  in  the  solution  (  a^Q^gl)  2.08. 

Sodium  sulfide  Na2S  •  9H2O  and  sodium  sulfite  Na2S05  •  7H2O  were  added  to  these  solutions.  To  obtain 
a  more  complete  picture  of  the  effects  of  these  compounds  on  the  particle  size  distribution  of  aluminum  hy¬ 
droxide,,  these  substances  were  added  to  the  solutions  in  amounts  both  less  and  greater  than  the  amounts  of 
these  substances  present  as  impurities  in  industrial  aluminate  solutions. 

Aluminum  hydroxide  "seed"  was  added  to  the  aluminate  solutions  together  with  the  sulfur  compounds. 

The  seed  ratio  •  was  1:3  in  every  case. 

The  seeded  aluminate  solutions  with  added  sulfur  compounds  were  agitated  in  glass  flasks,  rotated  "base 
over  top,"  in  an  air  agitator  thermostat.  The  agitation  lasted  72  hours  in  every  case.  The  temperature  range 
of  the  process  was  63-40*.  The  temperature  was  lowered  as  follows;  by  15*  after  24  hours,  by  20*  after  48  hours, 
and  by  23*  after  72  hours. 

At  the  end  of  the  agitation  the  mother  liquors  were  separated  from  hydroxide  by  filtration,  and  analyzed 
for  Na20  and  AI2O8.  The  degree  of  decomposition  of  the  solutions  was  calculated  from  the  analytical  results. 

•  Ratio  of  AI2P8  in  the  seed  to  AI2O3  in  the  solution. 
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The  particle  size  distribution  of  aluminum  hydroxide  was  determined  by  Figurovsky 's  method,  the  ap¬ 
plicability  of  which  to  this  compound  was  demonstrated  by  Lainer  and  Brovman  [3], 

Tables  1  and  2  give  data  on  the  degrees  of  decomposition  of  the  solutions  and  the  particle  size  distribu¬ 
tion  of  aluminum  hydroxide  with  and  without  added  sulfur  compounds. 

TABLE  1 

Effect  of  Additions  of  Na2SQs  on  the  Degree  of  Decomposition  of  Aluminate  Solutions 
and  the  Particle  Size  Distribution  of  Aluminum  Hydroxide 


-S 

'tS  M  o 

O  I— itn 

4-.  S-* 

a  3 

E 

<  2  « JO  z  o  3 

Composition  of 
original  solution 

Composition  of 
mother  liquor 

Degree  of 
deconiposi- 

tion  of  sol¬ 

ution  (<^o) 

Contents  of  fractions 
(in  io)  with  particle  size  (in  p) 

a 

total 

AlgQj 

(g /liter) 

“total 

—30 

—50 

—70 

—80 

0 

125 

1.84 

54.4 

4.24 

56.6 

20 

80 

100 

100 

0.25 

125 

1.84 

62.4 

3.92 

53.2 

12 

30 

50 

65 

0.75 

125 

1.84 

60.8 

3.93 

53.3 

5 

21 

44 

62 

1.25 

125 

1.84 

65.4 

3.34 

45.0 

8 

22 

41 

58 

2.50 

125 

1.84 

64.6 

3.54 

48.0 

7 

23 

42 

57 

3.00 

125 

1.84 

61.8 

3.92 

53.2 

8 

22 

42 

58 

4.00 

114 

2.08 

79.4 

3.13 

33.6 

10 

20 

52 

72 

4.50 

114 

2.08 

74.8 

3.44 

39.6 

9 

20 

56 

74 

5.00 

114 

2.08 

71.8 

3.75 

44.7 

11 

17 

54 

70 

TABLE  2 

Effect  of  Additions  of  NajS  on  the  Degree  of  Decomposition  of  Aluminate 
Solutions  and  the  Particle  Size  Distribution  of  Aluminum  Hydroxide 


a  • 

O  4->  .-t  o 

J  o  « 

^  O 

Composition  of 
original  solution 

Composition  of 
mother  liquor 

Degree  of 
decomposi  - 
tion  of  sol¬ 
ution  (‘/o) 

Contents, of  fractions  (in  %) 
with  particle  size(in  p) 

AI2O8 
(g /liter) 

“total 

AI7O3 
(g/ liter) 

“total 

—30 

-50 

—70 

—00 

0 

125 

1.84 

60.8 

3.83 

52.0 

20 

37 

59 

76 

0.81 

125 

1.84 

62.0 

3.78 

51.2 

28 

44 

66 

81 

1.35 

125 

1.84 

62.0 

3.70 

50.2 

22 

41 

69 

83 

2.70 

125 

1.84 

63.0 

3.78 

51.2 

14 

28 

53 

71 

3.24 

125 

1.84 

63.3 

3.77 

51.0 

18 

34 

54 

65 

4.32 

114 

2.08 

73.5 

3.49 

40.0 

15 

35 

69 

73 

4.86 

114 

2.08 

83.2 

3.14 

33.0 

16  , 

34' 

61 

74 

5-40 

114 

2.08 

79.0 

3.46 

39.0 

9 

25 

67 

100 

SUMMARY 

1.  Additions  of  sodium  sulfite  favor  an  increase  of  the  particle  size  of  aluminum  hydroxide  formed  in 
the  decomposition  of  aluminate  solutions.  This  is  probably  the  result  of  a  certain  increase  of  solution  viscosity, 
which  assists  the  formation  of  larger  crystals, 

2.  Additions  of  sodium  sulfide  up  to  5,4<yp  Na20  of  NajO  have  no  significant  effect  on  the 

particle  size  distribution  of  the  hyroxide. 

3.  The  earlier  conclusion  [2]  is  confirmed,  that  additions  of  sodium  sulfide  decrease  the  degree  of  de¬ 
composition  of  aluminate  solutions  [2}.  A  similar  conclusion  may  be  drawn  concerning  the  effect  of  sodium 
sulfite  on  the  degree  of  decomposition  of  aluminate  solutions. 
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SOLUBILITY  IN  THE  SYSTEMS  SODIUM  P  Y  RO  VANADATE- 


SODIUM  CHLORIDE  -  WATER  AND  SODIUM  METAVANADATE  - 
SODIUM  CHLORIDE  -WATER 

V.V.  Andreev 

Scientific  Research  Stomatological  Institute,  Odessa 


The  solubility  determinations  were  performed  by  the  usual  method,  consisting  of  determinations  of  the 
concentrations  of  solutions  formed  when  equilibrium  had  been  reached  in  continuously  stirred  mixtures  of  chem¬ 
ically  pure  salts  and  distilled  water  kept  in  a  water  thermostat  fitted  with  an  electric  heater  and  thermoregulator. 
In  analysis  of  the  solutions  and  the  solid  residues,  the  V  content  was  determined  colorometrically  by  means  of 
hydrogen  perioxide  in  an  acid  medium  [1,  2]  and  Cl  was  determined  by  titration  with  silver  nitrate  solution  in 
presence  of  nitric  acid.  The  equilibrium  state  was  confirmed  by  agreement  of  the  analytical  data  for  two  sol¬ 
ution  samples  taken  consecutively  after  a  certain  time  intervaL  The  amounts  of  V  and  Cl  found  were  used  to 
calculate  the  contents  of  the  corresponding  salts.  The  concentrations  were  calculated  per  100  g  of  water  and 
100  g  of  solution.  The  solubilities  of  sodium  chloride  in  water  were  taken  from  the  literature.  The  compositions 
of  the  solid  phases  were  determined  by  means  of  triangular  solubility  diagrams. 

Solubility  in  the  system  Na4V207  -  Nad  -  H20  was  studied  at  35*.  In  all  the  experiments  in  which  it 
was  used,  sodium  chloride  was  added  in  sufficient  amount  to  ensure  excess  in  the  solid  phase,  while  the  amounts 
of  sodium  pyrovanadate  were  arbitrarily  varied.  The  results  of  the  experiments  are  given  in  Table  1. 


TABLE  1 

Solubility  of  Sodium  Chloride  in  Aqueous  Solutions  of  Sodium  Pyrovanadate 


Experi¬ 

ment 

No. 

Solution  composition  in  g  / 100  g  | 

Composition  of 
moist  solid  residue 
(  in  wt.  % ) 

of  water 

of  solution 

Solid  phase 

NaCl 

Na,V,Ot 

NaCl 

Na4V,0, 

1 

NaCl 

Na.V.O, 

1* 

36.20 

26.60. 

NaCl 

2 

31.79 

5.35 

23.18 

3.90 

76.48 

2.02 

NaCl 

3 

27.26 

21.30 

18.35 

^4.34 

— 

— 

— 

4 

23.87 

35.04 

16.02 

22.06 

— 

— 

— 

6 

11.63 

69.23 

6.43 

38.28 

37.00 

36.06 

NaCl  and 
NaiVgO, 

6 

— 

63.29 

38.76 

— 

NaiVgO, 

*  From  literature  data  [3]. 

The  value  found  for  the  solubility  of  sodium  pyrovanadate  in  water  agrees  with  data  in  the  literature 

[4.  5]. 

A  diagram  based  on  the  data  in  Table  1  is  given  in  Fig.  1, 

Solubility  in.  the  system  NaVOj— NaCl-H20  was  studied  at  room  temperature  (12.5  ±  2.0*)  and  60*. 
Sodium  metavanadate  was  added  in  sufficient  excess  to  ensure  its  presence  in  the  solid  phase,  while  the  amounts 
of  sodium  chloride  W6re  varied  arbitrarily.  The  results  of  the  experiments  are  given  in  Table  2. 
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TABLE  2 

Solubility  in  the  System  NaVC^ 


-NaCl-HjO  at  12.5  ±2.0*  and  60". 


Experi¬ 

ment 

No. 


Temperature 

(deg) 


12.5  ±2.0 


NaCl 

NaVOs 

NaCl 

2.18 

21.08 

1.87 

7.65 

15.76 

7.45 

15.44 

12.37 

12.88 

26.27 

16.42 

51.84 

26.32 

— 

— 

5.71 

52.09 

3.82 

5.61 

— 

— 

12.49 

39.46 

8.09 

10.18 

— 

— 

23.22 

— 

— 

25.21 

— 

— 

26.68 

15.18 

31.96 

27.10 

— 

— 

Solid  phase 


NaVOa 
NaVO., 
NaVO'a 
NaVOa 
NaVO^  and 
NaCl 
NaCl 

NaVOa 

NaVOg 


NaVO.T  and 
NaCJ 
NaCl 


•  From  literature  data  [3]. 

It  was  established  by  means  of  the  triangular  solubility  diagrams  that  neither  crystal  hydrates  nor  double 
salts  are  formed  in  the  system. 

The  solubilities  found  are  in  agreement  with  data  in  the  literature  [5-7].  Fig.  2  gives  a  polythermal 
diagram  based  on  the  data  in  Table  2. 


Fig.  1.  Solubility  diagram  for 
the  system  Na4V207— NaCl— 
HjO  at  35". 

A)  NaCl  content  (in  g/ 100 
g  solution  ),  B)  Na4V207 
content  ( in  g/ 100  g  solution) . 


Fig.  2.  Polythermal  solubility  diagram  for 

.  .T.  u,  o  j  n  1  u  j-  the  system  NaVOy-HNaClHH.O  from  12,6. 

The  data  in  Table  2  and  Fig.  2  show  that  sodium  ®  * 

chloride  salts  out  sodium  metavanadate  from  aqueous  .  *  ,  ^ 

,  ..  .T,u-  r  .  j  •  r-  •  r  j.  A)  NaVO.  Content  (in  g/ 100  g  solution ), 

solutions.  This  fact  was  used  in  purification  of  sodium  ^  ° ,  .  . 

.  j  .T.U-  •  1,  j  u  •  B)  NaCl  content  (in  g/ 100  g  solution),  C) 

meta vanadate.  This  is  usually  done  by  recrystallization  \ 

from  water  [7-12  ]  and  washing  with  water  [8,  12],  con-  temperature  fC  ). 

siderable  amounts  of  the  salt  being  lost  because  of  its  good  solubility  in  water.  These  losses  are  almost  com¬ 
pletely  prevented  by  addition  of  sodium  chloride  to  salt  out  the  sodium  metavanadate  during  recrystallization, 
and  by  the  use  of  aqueous  sodium  chloride  solutions  instead  of  water  for  the  washing,  as  in  the  use  of  ammonium 


chloride  in  purification  of  ammonium  metavanadate.  As  in  the  latter  case,  sodium  metavanadate  should  be 
dissolved  at  a  higher  temperature  for  recrystallization,  and  a  calculated  amount  of  sodium  cliloride  should  be 
added  to  ensure  complete  salting -out  in  the  cold  [13]  .It  was  found  that  solutions  of  sodium  meta vanadate  of 
over  l^ojp  concentration  are  inconvenient  to  use  because  of  their  high  viscosity.  Addition  of  solid  sodium 
chloride  in  a  quantity  equivalent  ot  25c/o  of  the  amount  of  water  in  the  solution,  in  tlie  cold,  results  in  almost 
complete  precipitation  of  sodium  metavanadate  (  0.02-0 .03<yo  NaVOs  instead  of  8%  remains  in  the  filtrate  ). 

The  solid  sodium  metavanadate  is  washed  in  the  cold  with  20%  aqueous  sodium  chloride  solution,  with  subsequent 
washing  with  water  to  a  negative  reaction  for  Cl’  to  remove  residual  sodium  chloride. 

The  data  on  the  joint  solubilities  of  sodium  vanadates  and  sodium  chloride  should  be  used  in  the  extrac¬ 
tion  of  vanadium  from  ores  and  slags  by  chlorinating  or  oxidative  roasting.  In  this  process  the  materials  contain¬ 
ing  vanadium  are  mixed  with  sodium  chloride  and  roasted.  During  tlie  roasting  sodium  chloride  is  decomposed 
and  sodium  vanadates  are  formed.  The  roasted  charge  is  treated  with  water  to  leach  out  these  vanadates.  The 
undecomposed  sodium  chloride,  the  concentration  of  which  may  reach  23%  [14], is  also  dissolved  at  this  stage. 
The  amounts  of  sodium  chloride  added  are  calculated  on  the  weight  of  the  material  treated  [15].  The  amount 
of  water  used  for  leaching  varies  in  very  wide  limits  [14].  The  vanadium  yield  also  varies  greatly.  A  great 
deal  of  vanadium  remains  undissolved  in  the  charge  [14,  16-18].  During  concentration  of  the  solutions  some¬ 
times  sodium  chloride  and  sometimes  sodium  vanadate  is  precipitated  [19],  The  solution  composition  is  usual¬ 
ly  not  determined  [17]. 

The  fact  that  sodium  chloride,  as  has  been  shown  above,  is  salted  out  of  solutions  by  sodium  pyrovanadate 
to  a  considerable  extent,  while  it  itself  salts  out  sodium  metavanadate,  indicates  that  sodium  pyrovanadate  and 
not  metavanadate  should  be  produced  in  chlorinating  roasting.  This  should  determine  the  amount  of  sodium 
chloride  added  to  tlie  charge,  calculated  on  the  amount  of  vanadium  present  in  the  material.  The  other  con¬ 
ditions  (amount  of  water  and  temperature  in  leaching,  solution  concentration  procedure  )  should  be  determined 
on  the  basis  of  data  on  the  joint  solubilities  of  sodium  vanadate  and  sodium  chloride. 

SUMMARY 

1.  It  is  shown  that  sodium  cliloride  is  salted  out  to  a  considerable  extent  by  sodium  pyrovanadate  from 
aqueous  solutions,  and  itself  salts  out  sodium  metavanadate. 

2.  Data  on  the  joint  solubilities  of  sodium  pyro-  and  nietavanadate  and  chloride  in  water  make  it  pos¬ 
sible  to  use  the  latter  for  the  separation  and  washing  of  sodium  metavanadate,  and  to  determine  the  optimum 
conditions  for  separation  of  vanadium  by  the  chlorinating  (oxidative  )  roasting  process, 
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THERMODYNAMIC  ANALYSIS  OF  T  H  E  R  MOC  A  T  A  L  Y  T IC  CONVERSION 
PROCESSES  OF  HIGH-MOLECULAR  HYDROCARBONS 


OF  THE  METHANE  SERIES 

P  .F,  Andreev 


Low -temperature  conversion  of  hydrocarbons  over  aluminosilicates,  discovered  by  Dobryansky  [1-5]  has 
attracted  attention,  particularly  in  relation  to  the  increased  interest  in  the  problem  of  the  origin  of  petroleum 
and  its  transformations  under  natural  conditions.  It  was  established  in  these  investigations  that  natural  alumino¬ 
silicates  (clays),  even  in  the  moist  state,  have  quite  appreciable  catalytic  activity  at  temperatures  of  the  order 
of  150-300*  in  hydrogen  disproportionation  processes.  Experimental  investigations  of  low -temperature  thermal 
catalysis  have  provided  good  confirmation  of  Dobryansky' s  hypothesis  [6]  concerning  the  directed  nature  of  the 
conversion  of  petroleum  hydrocarbons  in  nature. 

According  to  this  hypothesis,  hydrocarbons  of  the  methane  series  are  the  final  conversion  products  of 
naphthenes,  and  have  been  formed  by  decyclization  of  the  latter  or  by  removal  of  side  chains  from  aromatic  and 
cyclomethylene  hydrocarbons. 

The  subsequent  fate  of- hydrocarbons  of  the  methane  series  under  natural  conditions  is,  in  general  outline, 
known.  Being  acceptors  of  the  hydrogen  liberated  during  formation  of  aromatic  hydrocarbons  from  cyclohexa- 
methylenic  hydrocarbons,  hydrocarbons  of  the  methane  series  were  then  split  further  into  products  of  lower  molec¬ 
ular  weight,  ultimately  methane.  Under  specific  conditions,  hydrocarbons  of  medium  molecular  weight  could 
provide  a  source  of  high-molecular  hydrocarbons.  Nevertheless,  the  conversion  mechanism  of  high-molecular 
hydrocarbons  of  the  methane  series  remained  obscure.  From  the  standpoint  of  the  material  and  energy  balance  it 
seems  likely  that  their  conversion  into  hydrocarbons  of  low  molecular  weight  should  be  accompanied  by  formation 
of  compounds  poorer  in  hydrogen.  These  could  be  aromatic  hydrocarbons  of  increasingly  complex  structure,  up 
to  highly  carbonized  susbstances  of  the  graphite  type. 

Experimental  confirmation  of  this  view  has  been  obtained  as  the  result  of  the  work  of  Bogomolov  and 
Smirnova  [7],  Galinskaya-Rivlin  [8],  and  Dobryansky  and  Vorobyeva  [9]  on  thermocatalytic  conversions  of  higher 
hydrocarbons  of  the  methane  series  over  alumina -silica  catalysts  at  temperatures  of  the  order  of  250-300*.  It 
was  established  by  these  investigations  that  high-molecular  hydrocarbons  of  the  methane  series  undergo  irreversible 
changes  in  such  conditions  in  a  relatively  short  time  (10  hours  or  more).  The  reaction  products  were  found  to 
contain  fractions  with  boiling  points  both  above  and  below  the  boiling  points  of  the  starting  materials.  Investiga¬ 
tions  of  the  group  composition  of  these  fractions  revealed  the  presence  of  hydrocarbons  of  the  methane  and  aroma¬ 
tic  series,  while  cyclomethylene  hydrocarbons  were  not  found.  The  reaction  products  showed  complete  absence 
of  unsaturated  compounds.  In  contrast  to  high -temperature  catalysis,  no  gaseous  products  were  formed.  The 
authors  report  that  toward  the  end  of  the  process  the  catalyst  became  covered  with  a  layer  of  carbonized  tarry 
substance,  which  was  not  studied  further. 

The  composition  of  the  products  of  thermocatalytic  conversion  of  higher  hydrocarbons  of  the  methane 
series  over  alumina -silica  catalysts  is  fully  explained  by  analysis  of  the  free  energy  changes  with  temperature 
for  different  classes  of  hydrocarbons.  These  relationships  are  shown  in  the  Figure  based  on  the  data  of  Korobov 
and  Frost  [10]  and  of  Rossini  [11]. 
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1)  Acetylene,  2)  eicosane,  3)  hexane,  4)  propane, 

5)  ethane,  6)  ethylene,  7)  xylene,  8)  benzene, 

9)  naphthalene,  10)  methane. 

The  diagram  shows  that  tire  free-energy  changes  for  different  hydrocarbons,  calculated  for  the  same 
temperature  range,  are  not  equal.  The  free  energy  of  hydrocarbons  of  the  methane  series  increases  by  ap¬ 
proximately  2500  cal.  per  1  C  atom  with  100“  increase  of  temperature.  A  100“  temperature  increase  results 
in  an  increase  of  the  free  energy  of  hexamethylene  hydrocarbons  by  2300  cal.  per  1  C  atom,  and  of  pentamethyl- 
ene  hydrocarbons,  by  2200  cal.  per  1  C  atom.  The  increase  for  ethylenic  and  aromatic  hydrocarbons  is  still  less. 
Its  value  is  1000  for  the  former,  and  only  800  cal.  per  1  C  atom  for  the  latter.  The  behavior  of  acetylene  on 
increase  of  temperature  is  striking.  Increase  of  temperature  in  this  instance  results  not  in  an  increase,  but  a 
decrease  of  free  energy  by  800  cal,  per  1  C  atom  for  each  100“. 

These  differences  are  caused  by  the  dissimilar  nature  and  different  energies  of  the  bonds  between  the 
atoms  in  different  classes  of  hydrocarbons. 

Because  of  the  different  values  of  the  free-energy  changes  with  change  of  temperature  for  different 
classes  of  hydrocarbons,  as  tire  temperature  increases  the  differences  in  the  values  of  the  free  energy  between 
the  classes  of  hydrocarbons  are  leveled  out,  and  the  stability  relationships  between  tire  individual  classes  become 
different  from  those  at  low  temperatures.  Up  to  500“  K,  hydrocarbons  of  the  methane  series  are  the  most  stable 
class.  From  this  temperature,  the  free  energy  level  of  eicosane,  C20H42  ,  calculated  per  1  C  atom,  becomes  equal 
to  that  of  benzene,  i.e.,  at  500“  eicosane  no  longer  has  an  advantage  over  benzene  in  tire  thermodynamic  sense 
the  probability  of  the  existence  of  both  is  the  same.  Further  increase  of  temperature  makes  the  existence  of 
benzene  more  probable  tlran  that  of  eicosane.  At  500“  K  transition  of  carbon  atoms  from  a  bond  state  character¬ 
istic  for  eicosane  into  the  state  characteristic  for  benzene  does  not  result  in  any  change  in  the  energy  level  of 
the  system,  and  therefore  a  possibility  of  equilibrium  between  them  arises. 

Hydrocarbons  of  the  methane  series  of  higher  molecular  weight  than  eicosane  reach  this  equilibrium 
state  at  lower  temperatures  because  of  the  higher  free-energy  level.  On  the  other  hand,  if  it  is  considered  that 
the  free  energy  per  1  carbon  atom  decreases  in  the  series  benzene-naphthalene-anthracene  (phenanthrene) — 
pyrene  from  4930  cal,  for  benzene  to  4015  cal.  for  pyrene,  it  is  seen  that  equilibrium  between  high-molecular 
paraffins  and  the  complex  condensed  systems  of  aromatic  hydrocarbons  may  be  reached  at  lower  temperatures 
than  in  the  case  of  benzene.  If,  in  addition,  the  possibility  of  hydrogenation  of  fragments  of  the  original  molec¬ 
ules  by  the  hydrogen  liberated  in  the  conversion  of  paraffins  to  aromatic  hydrocarbons  is  taken  into  consideration, 
the  total  energy  effect  becomes  even  more  favorable  for  conversion  into  aromatic  compounds. 

The  diagram  shows  that,  starting  with  500-550“  K,  the  free-energy  level  of  all  the  simplest  hydrocarbons 
of  the  polymethylene  series  and  of  the  high-molecular  hydrocarbons  of  the  methane  series  is  above  the  free- 
energy  level  of  benzene,  and  consequently  at  high  temperatures  the  existence  of  aromatic  hydrocarbons  is  more 
probable  than  of  any  of  the  others,  with  the  exception  of  acetylene. 
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It  is  interesting  to  note  that  energy  equilibrium  between  ethylene  and  hydrocarbons  of  the  methane 
series  is  reached  at  much  higher  temperatures  than  in  the  case  of  benzene.  For  example,  for  methane 
and  ethylene  this  temperature  is  close  to  1600*K,  for  eicosane  and  ethylene  it  is  about  700*,  while  for 
benzene  and  methane,  as  we  saw  earlier,  the  temperature  of  energy  equilibrium  is  1300",  and  for  ben¬ 
zene  and  eicosane  it  is  500*  K.  Because  of  this,  a  state  of  equilibrium  on  increase  of  temperature  will  be 
reached  earlier  between  paraffins  and  aromatic  hydrocarbons  than  between  paraffins  and  ethylenic  hydro¬ 
carbons.  This  accounts  for  the  presence  of  higher  paraffins  and  aromatic  hydrocarbons  and  for  the  absence 
of  unsaturated  hydrocarbons  in  the  products  of  low -temperature  thermocatalytic  conversion.  It  is  important 
to  retnember  that  energy  equilibrium  between  paraffins  and  aromatic  hydrocarbons  at  relatively  low 
temperatures  only  becomes  established  if  the  paraffins  are  of  high  molecular  weight.  Equilibrium  for 
low-molecular  hydrocarbons  of  the  methane  series  is  possible  only  at  considerably  higher  temperatures. 

Additional  confirmation  of  the  direct  genetic  relationship  between  paraffins  and  aromatic  hydrocarbons 
is  provided  by  the  fact  that  in  the  temperature  range  from  300  to  1700*  K  the  free  energy  of  ethylene,  calculated 
per  1  carbon  atom,  is  always  higher  than  the  free  energy  of  benzene,  i.e.,  equilibrium  (in  the  energy  sence) 
between  them  is  not  reached  in  this  temperature  range.  The  existence  of  carbon  in  the  form  of  ethylene  is  then 
less  probable  than  its  existence  in  the  form  of  benzene. 

It  follows  from  these  data  that  the  transition  from  methane  hydrocarbons  to  aromatics  does  not  neces¬ 
sarily  involve  an  intermediate  stage  of  ethylenic  hydrocarbon  formation.*  Conversely,  from  the  energy  stand¬ 
point  the  transition  from  methane  hydrocarbons  to  ethylene  hydrocarbons  necessarily  involves  transition  through 
a  free-energy  level  of  the  carbon  atoms  characteristic  of  hydrocarbons  of  the  aromatic  series. 

The  absence  of  derivatives  of  the  cyclopentane  and  cyclohexane  series  in  the  products  of  thermocatalyt¬ 
ic  conversion  of  high-molecular  hydrocarbons  of  the  methane  series  is  explained  by  the  fact  that  at  the  tempera¬ 
tures  used  in  thermal  catalysis  (400-500*  K)  the  free-energy  level  of  the  simplest  cyclomethylenes,  not  to  men¬ 
tion  the  more  complex  homologs,  is  considerably  higher  than  that  of  hydrocarbons  of  the  methane  series,  and 
uansition  from  the  latter  to  the  former  is  thermodynamically  disadvantageous  and  therefore  highly  improbable. 

In  our  thermodynamic  analysis  we  have  considered  the  case,  least  advantageous  in  the  energy  sense  of 
the  conversion  of  a  paraffinic  hydrocarbon  of  relatively  low  molecular  weight  (eicosane  C20H42)  into  the  sim¬ 
plest  representative  of  the  aromatic  series  -  benzene. Conversion  of  hydrocarbons  of  higher  molecular  weight 
ihan  eicosane  into  benzene  ho  mo  logs,  and,  still  more  so,  into  alkylated  aromatic  hydrocarbons  of  condensed 
structure,  will  occur  at  lower  temperatures  because  the  free  energy  per  1  carbon  atom  increases  with  increasing 
molecular  weight  of  the  paraffin,  and  decreases  in  the  case  of  aromatic  hydrocarbons.  For  this  reason,  the  points 
of  intersection  of  the  free-energy  lines  in  the  diagram  are  displaced  in  the  direction  of  lower  temperatures,  i.e., 
equilibrium  between  them  may  be  attained  in  the  region  of  relatively  low  temperatures. 


SUMMARY 

1.  Thermodynamic  analysis  of  the  variation  of  free  energy  with  temperature  for  various  series  of  hydro¬ 
carbons  shows  that  the  conversion  of  high-molecular  hydrocarbons  of  the  methane  series,  starting  approximately 
with  eicosane,  into  aromatic  hydrocarbons  at  relatively  low  temperatures  is  possible  in  principle. 

2.  One  possible  route  for  the  conversion  of  solid  petroleum  hydrocarbons  in  nature,  in  addition  to  their 
conversion  into  hydrocarbons  of  lower  molecular  weight,  is  into  aromatic  hydrocarbons. 

3.  The  experimental  data  of  A.F.  Dobryansky  and  others  on  the  thermocatalytic  conversions  of  paraf¬ 
fins  and  ceresins  in  petroleum  over  clays  at  temperatures  similar  to  those  often  found  in  the  depths  of  oilfields, 
are  in  good  agreement  with  the  conclusions  drawn  from  thermodynamic  analysis. 
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VARIATIONS  OF  THE  CONSTANTS  OF  LINSEED  OIL  IN  A  FILM 


WITH  TIME 

A.V.  Pamfilov  and  E.G.  Ivancheva 
Laboratory  of  Physical  Chemistry,  Chernovits  University 


It  was  shown  by  us  earilier  [1]  that  changes  in  the  mechanical  characteristics  of  paint  films  canftot 
provide  a  direct  indication  of  the  time  when  they  become  technologically  unserviceable  as  protective  coatings. 
It  was  therefore  decided  to  study  changes  in  other  characteristics.  The  principal  chemical  constants  of  oils 
(and  es{  ecially  drying  oils)  are  the  acid  number,  the  saponification  number,  and  the  iodine  and  "oxygen"  num¬ 
bers. 

As  is  known,  the  formation  of  vegetable  oil  films  involves  the  addition  of  oxygen  at  the  unsaturated 
acid  double  bonds.  Addition  of  oxygen  causes  a  change  in  the  weight  of  the  film,  and  is  characterized  by  the  so- 
called  apparent  oxygen  number,  in  the  determination  of  which  only  the  absorbed  oxygen  remaining  in  the  film, 
and  not  the  oxygen  liberated  with  volatile  oxidation  products,  is  taken  into  account.  The  total  amount  of  ab¬ 
sorbed  oxygen  is  characterized  by  the  so-called  true  oxygen  number.  Since  addition  of  oxygen  most  probably 
occurs  at  the  double  bonds,  the  contents  of  which  are  determined  by  the  iodine  number,  it  was  of  interest  to 
follow  the  variation  of  this  constant  with  time  also.  The  formation  and  subsequent  aging  of  oil  films  is  related 
to  the  ease  of  rupture  of  the  double  bonds  in  glycerides  of  acids  of  high  molecular  weight,  and  formation  of 
acids  of  lower  molecular  weight  at  the  points  of  mpture,  with  a  sharp  increase  in  the  acid  numbers  of  the  films. 
However,  in  practice  determination  of  acid  numbers  is  inconvenient  in  such  cases,  as  with  progressive  aging  the 
films  are  more  easily  saponified  by  alcoholic  alkali  solution  even  witliout  heating.  This  makes  determination 
of  the  end  point  in  the  titration  difficult.  It  is  therefore  preferable  to  determine  acids  both  in  glyceride  form 
and  in  the  free  state,  i.e.,  to  follow  the  variations  of  saponification  number  with  time.  These  constants  change 
in  the  course  of  the  conversions  which  occur  in  oils  during  drying  and  also  during  the  subsequent  changes.  Rel¬ 
evant  data  are  available  in  the  literature  [2]. 

It  was  desired  to  follow  systematically  the  variations  of  these  quantities  with  time  in  linseed  oil  treated 
in  various  ways  and  kept  in  the  form  of  films, 

EXPERIMENTAL 

The  film  formers  used  were  raw  linseed  oil,  ordinary  lead-manganese  drying  oil  made  from  it,  12% 
polymerized  oil,  and  oxidized  oil.  They  were  applied  by  means  of  a  brush  on  glass  plates,  in  the  form  of  films 
10-20  p  thick.  Pigmented  suspensions  were  made  by  grinding  weighed  samples  of  pigments  with  the  oils,  and 
also  coated  on  glass.  The  specimens  were  kept  at  room  temperature  in  diffused  light. 

Results  of  determinations  of  weight  increase  of  the  films  are  given  in  Table  1,  The  pigments  used 
were  ordinary  factory  products. 

Oxygen  numbers  of  linseed  oil  without  driers.  The  film  of  raw  linseed  oil  on  glass  dried  completely 
in  15  days.  The  film  pigmented  with  zinc  oxide  dried  on  the  6th  day.  Films  with  oxides  of  lead  and  chromium, 
titanium  dioxide,  and  iron  ocher  dried  in  24  hours.  The  weights  of  the  films,  excepting  the  unpigmented  films 
and  those  containing  lead  oxide,  reached  a  maximum  after  3-4  days  and  then  began  to  decrease.  The  unpig¬ 
mented  film  and  the  film  with  lead  oxide  retained  their  maximum  weight  increases  during  the  test  period  of 
30  days. 


TABLE  1 

Oxygen  Numbers  (Apparent)  of  Unpigmented  and  Pigmented  Films 
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Oxygen  numbers  of  oil  with  lead-manganese  drier.  The  changes-  in  weight  of  the  film  were  of  the 
same  general  character  as  in  the  case  of  the  linseed  oil  film.  A  maximum  weight  increase  was  reached,  fol¬ 
lowed  by  a  steady  decrease.  The  film  containing  iron  ocher  showed  the  lowest  weight  increase.  Zinc  oxide, 
chromium  oxide,  and  titanium  dioxide  gave  almost  equal  maximum  increases.  The  film  with  lead  oxide  was 
outstanding.  It  showed  the  greatest  and  increasing  gain  in  weight. 

The  films  were  kept  for  10  months;  they  gradually  decreased  in  weight,  in  some  instances  to  less  than 
the  original  value  (the  films  with  iron  ocher  and  chromium  oxide). 

Oxygen  numbers  of  12<yo  polymerized  oil.  The  oxygen  number  of  polymerized  oil  reached  its  maximum 
value  only  on  the  7th  day.  The  presence  of  zinc  oxide  in  the  film  had  relatively  little  accelerating  effect  on 
the  drying  of  the  film.  Films  of  polymerized  oil  pigmented  with  lead  oxide,  titanium  dioxide,  and  iron  ocher 
dried  in  24  hours.  Films  containing  chromium  oxide  dried  rather  more  slowly.  The  behavior  of  lead  oxide  in 
this  case  was  distinctive.  The  oxygen  number  of  the  film  containing  it  was  still  increasing  after  30  days.  The 
oxygen  numbers  of  the  other  films  decreased  after  reaching  maximum  values. 

Oxygen  numbers  of  oxidized  oil.  A  film  of  oxidized  oil,  without  driers,  dried  after  6-7  days  at  23-25*. 
The  film  containing  lead  oxide  dried  in  24  hours.  Chromium  oxide  and  iron  ocher  had  a  similar  accelerating 
effect  on  drying.  In  presence  of  zinc  oxide,  and  titanium  dioxide,  the  films  dried  only  on  the  4th  day.  The  great¬ 
est  weight  increase  was  found  for  a  film  of  oxidized  oil  in  presence  of  titanium  dioxide  after  10  days. 

All  the  films  tested  lost  weight  after  reaching  maximum  values.  The  observations  were  continued  for 
50  days.  The  films  with  lead  and  chromium  oxides  remained  constant  in  weight  during  the  last  20  days.  All  the 
other  films  lost  weight  fairly  rapidly.  The  film  with  iron  ocher  even  showed  a  weight  decrease  over  its  original 
value  after  50  days. 

Iodine  numbers.  Becker's  method  for  determination  of  iodine  numbers  [3],  i.e.,  with  the  use  of  brom¬ 
ine  vapor,  would  have  been  the  most  convenient.  However,  our  numerous  experiments  gave  a  negative  result  in 
this  case  also  [4]  -  discrepancies  between  parallel  determinations  reached  20%.  Iodine  numbers  were  determined 
by  the  Hanus  method.  The  films  containing  oils  with  driers  dissolved  almost  completely  at  room  temperature  in 
chloroform,  used  as  solvent  in  this  case,  after  being  kept  for  1-2  months.  Films  of  the  same  age,  pigmented 
with  zinc  oxide  and  lead  oxide,  also  dissolved  relatively  easily.  Films  containing  chromium  oxide  and  iron 
ocher  dissolved  with  considerably  more  difficulty.  The  values  found  for  the  iodine  numbers  did  not  depeiul  on 
the  extent  to  which  the  films  dissolved  or  were  merely  swollen  in  boiling  chloroform.  The  glacial  acetic  acid, 
used  for  preparation  of  the  iodine-bromine  solution,  was  also  a  solvent  for  the  films  (Table  2) , 


TABLE  2 

Iodine  Numbers  of  Pigmented  and  Unpigmented  Linseed  Oil  Films,  Determined  by  the 
Hanus  Method 

Iodine  number  of  original  oil  186.5 
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TABLE  3 

Variation  with  Time  of  the  Saponification  Numbers  of  Linseed  Oil  Films  with  Drier 
Saponification  number  of  original  drying  oil  192 
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Iron  ocher 

34.0 

287 

300 

_  i 

390 

Saponification  numbere  werje  determined  by  the  usual  method  for  films  applied  on  glass  and  kept  under 
laboratory  conditions.  When  the  pigmented  films  were  dissolved,  the  pigments  settled  on  the  bottom  of  the 
flask  and,  as  special  tests  showed,  did  not  appreciably  affect  the  results. 

The  saponification  numbers  of  pigmented  films  increased  with  time  to  approximately  double  that  of 
tile  original  drying  oil.  The  increase  was  somewhat  greater  for  the  film  containing  lead  oxide.  A  still  greater 
increase  was  found  for  the  film  of  oil  with  drier,  kept  in  atmospheric  conditons.  Thus,  after  6  months  '  storage 
in  atmospheric  conditions  the  saponification  number  increased  3.5-fold,  while  after  a  year  the  saponification 
number  of  such  films  reached  2000,  which  is  a  10 -fold  increase  (Table  3). 

DISCUSSION  OF  RESULTS 

Variation  of  the  oxygen  and  iodine  numbers,  both  of  pigmented  oil  films  and  of  films  of  the  oil  alone, 
are  not  characteristic  of  the  processes  taking  place  in  the  films.  The  oxygen  numbers,  after  a  relatively  sharp 
change  during  the  first  few  days,  remain  practically  unchanged  for  several  weeks  or  decrease  somewhat,  with 
the  exception  of  films  containing  lead  oxide.  Changes  of  iodine  numbers,  which  also  decrease  somewhat  with 
time,  are  even  less  characteristic.  Acid  numbers  were  not  determined  because  of  the  unreliable  nature  of  the 
determinations,  mentioned  above,  especially  for  pigmented  films.  Changes  of  saponification  numbers  are  much 
more  characteristic,  and  may  reflect  the  filih  dging  process.  The  relative  ease  and  reliability  of  determination 
of  this  constant  in  the  given  conditions  should  be  noted.  The  pigment  in  the  film  has  no  significant  influence 


on  the  saponification  number.  Determinations  of  the  constants  of  films  kept  under  atmospheric  conditions  are 
difficult  owing  to  their  contamination.  Therefore,  by  courtesy  of  S.V.  Yakubovich,  one  of  us  carried  out  similar 
tests  with  the  aid  of  a  "weatherometer"  in  his  laboratory  in  the  summer  of  1953  [6].  The  results  obtained  do 
not  fully  agree  with  the  results  for  films  kept  under  other  conditions.  The  weatherometer  tests  gave  results  which 
fluctuated  in  time. 

SUMMARY 

1.  Oxygen  and  iodine  numbers  of  pigmented  films  do  not  show  any  characteristic  changes  in  the  course 
of  60  days. 

2.  Determinations  of  variations  of  acid  numbers  of  films  with  time  are  not  reliable. 

3.  Saponification  numbers  of  films  increase  very  sharply  (2  to  3-fold)  during  keeping,  and  it  is  pos¬ 
sible  that  they  may  be  used  to  characterize  the  changes  occurring  in  the  films. 
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KINETICS  OF  ALKALI  CELLULOSE  FORMATION 


A.T.  Serkov,  E.M.  Mogilevsky  and  A.B.  Pakshver 


All-Union  Scientific  Research  Institute  for  Artificial  Fibers 


The  question  of  the  kinetics  of  alkali  cellulose  formation  is  of  great  importance  for  various  branches  of 
industry.. 

It  has  been  reported  [1]  that  the  formation  of  alkali  cellulose  is  completed  in  2-5  minutes.  However, 
this  is  contradicted  by  the  data  of  Lottermoser  [2]  and  Vosters  [3],  who  showed  that  the  quality  of  viscose  sol¬ 
utions  depends  on  the  mercerization  time.  In  this  case  the  improvement  of  viscose  quality  cannot  be  attributed 
to  more  complete  removal  of  hemicellulose,  as,  according  to  Rogovin  [4],  increase  of  the  mercerization  time 
has  little  effect  on  the  amount  of  hemicellulose  washed  out.  There  have  also  been  reports  [2,  5]  that  caustic 
soda  becomes  chemically  bound  only  slowly,  and  equilibrium  is  reached  after  60-90  minutes.  However,  it  was 
shown  by  Rassow  [6],  who  studied  the  kinetics  of  chemical  combination  of  caustic  soda  with  cellulose  by  a  direct 
method  (by  washing  with  alcohol),  that  the  reaction  is  completed  after  5  minutes.  Susich ’s  X-ray  data  [7] 
also  show  that  the  reaction  occurs  rapidly.  The  other  processes  (swelling,  evolution  of  heat,  fiber  contraction  ) 
which  characterize  the  rate  of  reaction  of  cellulose  with  alkali,  proceed  to  only  80-90iyo  of  the  equilibrium 
state  in  the  first  1-3  minutes,  and  equilibrium  is  reached  only  after  60-90  minutes  [8,  9]. 


Fig.  1.  Rate  of  chemical  binding  of  caus¬ 
tic  soda  by  cellulose. 

A).  Amount  of  chemically  bound  NaOH 
(in  g/100  g  cellulose),  B)  time  (in  minutes). 
Method,  and  NaOH  concentration  ( in  g/ 
.liter),  respectively;  1)  direct,  187.0;  2) 
direct,  136.1;  3)  indirect,  187.0;  4)  in¬ 
direct,  136.1;  5)  indirect,  74.0. 


We  have  determined  the  rate  of  sorption  of  caustic 
soda  by  cellulose  by  a  direct  method  (washing  with  ab¬ 
solute  ethanol )  and  by  an  indirect  method  (by  the  de¬ 
crease  of  caustic  soda  concentration  in  the  bath).  Com¬ 
parative  results  for  different  concentrations  are  given  in 
Fig.  1. 

The  cause  of  the  discrepancies  between  the  kinetic 
data  obtained  by  the  direct  and  indirect  method  lies  in  the 
unsuitability  of  the  indirect  method  for  kinetic  investiga¬ 
tions.  Rapid  swelling  occurs  when  the  fibers  are  immersed 
in  caustic  soda.  The  caustic  soda  penetrates  the  fibers 
by  capillary  wetting.  This  transfer  of  the  reagent  (together 
with  the  medium)  is  known  as  convective  diffusion  [10]. 
The  caustic  soda  solution  which  penetrates  into  the  fibers 
by  convective  diffusion  is  rapidly  impoverished  as  the  re¬ 
sult  of  chemical  action  between  caustic  soda  and  cellu¬ 
lose  which,  according  to  the  direct  determinations,  oc-  . 
curs  rapidly  (15-60  seconds).  A  concentration  difference 
is  set  up  between  the  external  alkali  and  the  alkali  ab¬ 
sorbed  by  the  swollen  fibers.  This  concentration  differ¬ 
ence  is  leveled  out  by  means  of  molecular  diffusion. 


which  proceeds  at  a  low  rate.  In  the  indirect  method  the  rate  at  which  the  concentrations  become  equalized, 
and  not  the  rate  of  chemical  combination  between  caustic  soda  and  cellulose,  is  measured. 


Thus,  caustic  soda  penetrates  into  cellulose  by  two  mechanisms;  1)  by  convective  diffusion;  the  pene¬ 
tration  occurs  rapidly  by  capillary  wetting,  the  interaction  being  80-90*70  complete;  2)  by  molecular  diffusion; 
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the  penetration  proceeds  slowly,  caused  by  the  concentration  difference;  the  interaction  is  completed  to  100<^o. 

The  following  experiments  were  carried  out  to  test  the  validity  of  the  suggested  mechanism  for  the 
penetration  of  caustic  soda  into  cellulose,  A  study  was  made  of  the  kinetics  of  swelling  (by  weight)  and  of 
absorption  of  total  alkali  by  cellulose  in  which  the  capillary  cavities  had  been  filled  with  water,  which  should 
hinder  the  penetration  of  caustic  soda  solution  by  convective  diffusion.  The  results  of  these  experiments  are 
given  in  Pig.  2, 


A 


Fig.  2.  Weight  swelling  and  total  alkali 
absorption  rates. 

A)  Weight  swelling  (in%),  B)  total 
alkali  absorbed  (in  g/lOO  g  cellulose), 
O  time  (minutes). 

Curves  ;  1  and  ^  total  alkali  absorbtion 
at  300  and  6%  moisture  in  cellulose;  2 
and  4)  weight  swelling  at  300  and  6% 
moisture  in  cellulose. 


.Fig.  3.  Leveling  of  caustic  soda  concen¬ 
trations  in  the  bath  and  fibers. 

A)  NaOH  concentration  (in  %),  B)  time 
(minutes). 

1)  Decrease  of  NaOH  concentration  in  bath, 

2)  increase  of  NaOH  concentration  in  fiber. 


The  second  stage  of  the  interaction -leveling  of  the  concentrations  -  was  studied  in  another  series  of  ex¬ 
periments.  The  weight  b  of  the  swollen  cellulose  sample  (in  g/ 100  g  cellulose),  the  total  alkali  absorbed 
a  (in  g/100  g  cellulose),  and  the  amount  of  chemically  bound  caustic  soda  c  (from  direct  determinations ) 
were  determined.  The  results  were  used  to  calculate  the  concentration  of  caustic  soda  in  the  swollen  sample 
by  the  formula 

100  (a  —  c) 

~  6  —  100  -^c  • 


Data  on  the  increase  of  caustic  soda  concentration  within  the  fibers  (mj)  and  the  decrease  in  the  bath 
(m^  are  given  in  the  Table  and  in  Fig.  3. 

Thus,  in  the  first  stage,  which  occurs  rapidly  (15-60  seconds  )  the  processes  of  cellulose  swelling  and 
caustic  soda  binding  are  80-90<yp  complete.  However,  absolute  completion  of  the  interaction  of  cellulose  with 
caustic  soda  is  attained  only  after  1-2  hours.  This  may  explain  the  improvement  of  viscose  quality  with  in¬ 
creasing  mercerization  time  [2,  3]. 

In  a  recent  investigatioh  [12]  of  the  kinetics  of  alkali  cellulose  formation,  the  Schwarzkopf  method  [13] 
was  used  for  determination  of  chemically  bound  NaOH.  However,  since  this  method  is  a  particular  form  of  the 
indirect  method,  the  author’s  results  do  not  reflect  the  true  nature  of  the  process. 

The  above  mechanism  of  the  interaction  of  caustic  soda  solutions  with  cellulose  also  accounts  for  the 
distinction  between  the  two  methods  for  alkali  cellulose  production:  1)  mecerization  in  presses  or  agitated 
tanks  at  bath  ratios  of  not  less  than  1:15^  and  2)  formation  of  alkali  cellulose  by  the  action  of  the  calculated 
amount  of  caustic  soda  solution  at  a  bath  ratio  of  1;4. 

In  the  second  case  the  interaction  ends  at  the  first  stage,  as  all  the  available  solution  is  absorbed  by  the 
fibers,  and  no  external  alkali  remains  from  which  caustic  soda  could  subsequently  diffuse  to  equalize  the  con¬ 
centrations,  Thus,  in  fact^the  cellulose  Is  treated  with  alkali  of  considerably  lower  concentration,  which  is 
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confirmed  by  the  lower  values  of  y^aOH'  viscoses  made  by  this  method  [12],  Therefore  in  mercerization 
of  cellulose  with  calculated  amounts  of  caustic  soda  solution  it  is  necessary  to  use  alkali  of  higher  concentration 
than  in  the  usual  process.  Calculations  shows  that  the  alkali  concentration  in  this  case  should  be  not  less  than 
255-260  g/  liter.  This  corresponds  to  a  decrease  of  die  caustic  soda  concentration  in  the  fiber  to  l&yo  in  tlie  for¬ 
mation  of  alkali  cellulose  withy  =  100  [14]. 


Merceriza- 
tion  time 
(min.) 

Total  caus-j  y^t. 

tic  soda  ab-  Iswelling  ( in 
sorbed  (gA^Og/  100 
g  cellulose),  cellulose) 
a  1  b 

Caustic  soda 
concentrat, 
in  fibers 

W.  mi 

Caustic 

soda 

concentration 
in  fibers  (in 
%).  m* 

0.25 

124.0 

1140 

10.81 

11.96 

1.0 

125.5 

1150 

10.85 

11.92 

15.0 

130.0 

1182 

10.96 

11.84 

00.0 

137.0 

1200 

11.41 

11.56 

120.0 

134.5 

1170 

11.50 

11.50 

SUMMARY 

1.  It  has  been  shown  by  a  study  of  the  kinetics  of  the  reaction  of  cellulose  with  caustic  soda  solutions 
that  penetration  of  NaOH  into  cellulose  is  effected  to  80-90<yo  rapidly,  by  convective  diffusion,  and  to  10-20<yo 
slowly,  by  molecular  diffusion.  As  a  result,  the  chemical  binding  of  caustic  soda  by  cellulose,  swelling,  heat 
evolution,  and  fiber  contraction  occurs  in  two  stages. 

In  the  first  stage,  which  takes  15-60  seconds,  the  process  is  completed  to  80-90%  of  the  value  reached 
at  equilibrium  after  60-120  minutes. 

2.  The  indirect  method  for  determination  of  the  caustic  soda  chemically  bound  by  cellulose  is  unsuitable 
for  kinetic  investigations. 

3.  A  distinction  in  principle  is  shown  between  the  production  of  alkali  cellulose  by  the  action  of  a 
calculated  amount  of  alkali,  and  by  the  usual  method  in  which  excess  caustic  soda  solution  is  used  and  subse¬ 
quently  pressed  out. 
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CLEAVAGE  OF  ETHER  OXYGEN  BONDS  IN  THE  KEROGEN  OF 


ESTHONIAN  BITUMINOUS  SHALE 

A.  Ya.  Aarna  and  E.T.  Lippmaa 
The  Tallinn  Polytechnic  Institute 


Destructive  methods  of  investigation  of  high  molecular  compounds,  including  solid  fossil  fuels,  are  of 
great  importance  for  establishing  the  chemical  stmcture  of  these  substances.  Raudsepp  [1]  has  used  hydriodic 
acid  for  this  purpose,  for  reduction  of  oxygen -containing  functional  groups  of  kerogens. 

The  work  of  the  present  authors  [2]  shows  that  approximately  60%  of  the  kerogen  oxygen  is  found  in  hy¬ 
droxyl,  carbonyl,  ester,  and  carboxyl  groups.  The  ramaining  oxygen  may  be  present  in  the  form  of  oxygen 
*indges  of  the  ether  or  heterocyclic  type. 

Cleavage  of  ether  oxygen  bonds  can  be  effected  by  the  action  of  strong  acids  or  bases  on  the  organic 
substance.  HI,  HBr,  HCl  [3-8],  anhydrous  aluminum  chloride  and  bromide  [9,  10,  11],  SnCl4,  BCI3,  and 
BBr3  [12]  have  been  used  for  this  purpose.  The  action  of  metallic  sodium  in  liquid  ammonia  [13]  and  of  sodium 
organic  complexes  [14]  is  also  known.  Until  now,  hydrogen  iodide,  metallic  sodium,  and  caustic  alkalies  have 
mainly  been  used  in  investigations  of  solid  fossil  fuels. 

The  purpose  of  our  investigation  was  to  establish  the  nature  of  the  ether  bond  in  the  kerogen  and  to  de¬ 
termine  its  content. 


EXPERIMENTAL 

Kerogen  concentrate  containing  95.4%  organic  matter  (ash  3.4%,  moisture  1.2%)  was  used  in  the 
experiments.  The  kerogen  concentrate  was  made  by  centrifuging  ground  shale  (250  mesh)  out  of  calcium 
chloride  solution,  followed  by  treatment  with  dilute  acetic  acid  solution.  The  concentrate  was  dried  under  a 
4  mm  vacuum  at  57". 

In  order  to  find  the  most  effective  reagent,  preliminary  experiments  were  carried  out  with  powerful  re¬ 
agents  used  for  ether  bond  cleavage. 

Metallic  sodium  in  liquid  ammonia  (by  Shorygin’s  method  )  [13].  To  12.41  g  of  kerogen  concentrate 
500  ml  of  liquid  ammonia  (in  100  ml  lots  )  and  25.57  g  of  sodium  were  added.  The  experiment  was  performed 
at  the  boiling  point  of  liquid  ammonia  for  ten  days.  After  decomposition  of  sodamide  by  water  in  ether,  the 
kerogen  was  washed  to  a  neutral  reaction.  The  product  was  insoluble  in  organic  solvents.  Evidently  a  solution  of 
sodium  in  ammonia  reacts  in  presence  of  the  kerogen  to  form  sodamide. 

Solution  of  sodium  in  pyridine  [15].  3.70  g  of  kerogen  was  treated  for  6  hours  with  a  solution  of  0.8  g 
of  sodium  in  132  ml  of  pyridine  at  a  boil.  The  product  was  insoluble  in  organic  solvents. 

Anhydrous  aluminum  chloride  [9].  Treatment  of  15.0  g  of  kerogen  during  6  hours  in  a  suspension  of  18 
g  of  AlCls  in  125  ml  of  benzene  at  the  boiling  point  of  benzene  did  not  yield  a  soluble  product.  With  the  ex¬ 
periment  carried  out  in  xylene  suspension,  approximately  10%  of  substance  soluble  in  xylene  was  obtained. 

Boron  bromide  [12].  Treatment  with  boron  bromide  coated  the  kerogen  with  a  dark  layer,  soluble  in 
pyridine.  Further  reaction  in  presence  of  this  "protective  layer"  is  impossible. 
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stannic  chloride.  Treatment  with  stannic  chloride  did  not  give  a  soluble  product. 

Anhydrous  aluminum  bromide  [9],  The  kerogen  was  treated  with  anhydrous  aluminum  bromide  (five  - 
fold  excess  by  weight )  at  100*.  A  dark  brown  transparent  solution  was  formed  in  40  minutes.  With  the  use  of  a 
threefold  excess  of  anhydrous  aluminum  bromide  a  soluble  product  was  not  formed.  After  decomposition  of  the 
excess  anliydrous  aluminum  bromide  by  water,  a  product  was  obtained  which  did  not  differ  from  the  kerogen  in 
external  appearance. 

The  kerogen  decomposition  product  is  readily  soluble  in  aqueous  diethylamine  solution*  ,  pyridine, 
diphenylamine  (at  55*);  it  is  sparingly  soluble  in  diethylamine,  diethyl  ether,  acetone,  and  nitrobenzene;  it  is  in¬ 
soluble  in  ligroine,  benzene,  butyl  alcohol,  acetic  acid,  and  water. 

The  kerogen  decomposition  product  does  not  contain  low  molecular  substances.  It  showed  no  loss  in 
weight  when  dried  under  a  2  mm  vacuum  at  57*  in  a  nitrogen  atmosphere. 

The  preliminary  experiments  showed  that  anhydrous  aluminum  bromide  is  the  most  effective  reagent 
for  decomposing  the  kerogen. 

Decomposition  of  kerogen  by  anhydrous  aluminum  bromide.  The  experiments  were  performed  in  large 
thick -walled  tubes  fitted  with  stirrers,  in  a  pure  nitrogen  atmosphere.  The  temperature  used  was  100*.  The  gas 
forined  in  the  reaction  was  collected  in  a  thick -walled  rubber  ballon.  At  the  end  of  each  experiment  the  tube 
was  broken  in  ice-cold  water,  the  reaction  product  was  filtered  off,  and  washed  with  a  weak  solution  of  hydro - 
bromic  acid  and  then  with  water  to  a  neutral  reaction.  The  reaction  product  was  then  treated  with  boiling  water 
(300  ml )  for  4.5  hours  and  again  washed  with  water  until  a  bromine-free  filtrate  was  obtained.  The  product 
was  dried  under  a  2  mm  vacuum  at  57*.  The  water-soluble  substances  were  extracted  with  ether  (Table  1). 

TABLE  1 

Material  Balance  of  Products  of  Decomposition  of  Kerogen  by  Anhydrous  Aluminum 

Bromide 


Experiments 


Data 


Taken  for  experiment: 

kerogen  concentration  (in  g) 

anhydrous  aluminum  bromide  (in  g) 
Experimental  conditions: 
temperature  (deg) 
duration  (hours) 

Yield  of  decomposition  products: 
soluble  kerogen  (in  g) 
soluble  kerogen  (in  of  concentrate) 
gas  ( in  ml) 

Solupili^^(jt  decomposition  product  (in  ‘/o)! 

_  in  .iqueous  diethylamine  solution 
Coinposition  of  reaction  gas  (in  vol.%): 

REfr+  HBr . ^ . 

CO, . ; . 

O2 . : . 

G»iH2n . 

C2H4 . 

CO . f. 

Hz . 

C»iH2fi+2  . , . 

n  . . . 

Nz . 


6.29 

31.66 

100 

3 

5.13 

81.6 

610 

88.5 
100 

5.6 

3.5 

2.5 
0.6 
2.9 
0.2 
0.0 

33.6 
3.2 

51.9 


Details  of  the  decomposition  products  are  given  in  Table  2. 

•  The  product  was  suspended  in  diethylarnine  and  water  was  then  added. 


The  analytical  data  for  the  soluble  kerogen  make  it  possible  to  calculate  the  phenolic  hydroxyl  group 
content  of  the  substance? 


0  Venor  total  “  (^OOH  +  SH  +  Br')  =  0.51 
fi76.06  +  0.02  +  0.01)  =  0.42  equiv./100  g 


TABLE  2 


Characteristics  of  the  Products  of  Decomposition  by  Anhydrous  Aluminum  Bromide 


Experiment  2 


Titration  of  the  alcoholic  hydroxyl  group  is  impossible  in  these  conditions,  and  therefore  the  amount  of 
acid  hydroxyl  group  found  must  be  counted  as  phenolic  groups.  The  kerogen  decomposition  product  shows  lumi¬ 
nescence  under  ultraviolet  light,  typical  of  an  aromatic  substance.  The  relatively  low  temperature  used  in  the 
experiments  excludes  the  possibility  of  side  reactions.  Aromatization  of  cyclohexanol  and  cyclohexanone  with 
phenol  formation  is  thermodynamically  impossible  in  these  conditions  [17].  Free  phenolic  hydroxyl  groups 
were  not  found  in  the  original  kerogen.  Therefore  formation  of  free  phenolic  hydroxyl  groups  can  occur  only  by 
cleavage  of  phenolic  ether  or  ester  bonds.  According  to  our  earlier  investigation  [2],  the  content  of  phenolic 
ester  groups  in  the  kerogen  is  0.06  equiv  / 100  g.  The  content  of  oxygen  linked  to  the  aromatic  ring  in  the 
kerogen,  based  on  the  yield  of  the  decomposition  product  and  the  organic  content  of  the  concentrate,  is  0.42  • 

•  0.816;  0.954  =  0.36  equiv  /  100  g.  Hence  the  amount  remaining  for  ether  oxygen  linked  to  the  aromatic  ring 
is  0.36—0.06  =  0.30  equiv  /  100  g. 

On  the  basis  of  this  result  and  our  earlier  data  on  functional  oxygen  groups  [2],  the  total  oxygen  balance 
for  the  kerogen  can  be  calculated  (Table  3). 

According  to  these  results,  the  kerogen  of  Esthonian  shale  contains  aromatic  phenolic  rings.  Formation 
of  phenolic  compounds  by  aromatization  of  nonaromatic  rings  is  impossible.  This  is  confirmed  by  thermodynamic 
calculations  [17]  and  by  the  absence  of  hydrogen  in  the  gas  formed  by  decomposition  of  the  kerogen.  Direct  de¬ 
termination  of  the  aromatic  ring  content  [2]  shows  that  the  decomposition  product  has  almost  the  same  aromatic 
ring  content  as  the  original  kerogen. 

*  The  total  acid  group  content  was  determined  by  high-frequency  titration  in  a  basic  solvent,  by  Lippmaa’s 
method  [16]. 
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The  cleavage  of  ether  oxygen  bonds  by  anhydrous  aluminum  bromide  is  not  limited  to  the  kerogen,  but 
can  be  successfully  used  for  studying  other  forms  of  solid  fossil  fuels.  The  advantage  of  this  metliod  is  the  ab¬ 
sence  of  reduction  reactions. 

TABLE  3 

Oxygen  Balance  for  Esthonian  Shale  Kerogen 


Functional 

Formula 

a 

> 

I'' 

^  6 

S  2 

Content 
(in  7o  oxy- 

•>/o  of 

total  oxygen 

group 

rl 

^  bO 

1 

gen  on  the 

o 

O 

.So 

wr-C 

6  .So 

O'-* 

Kerogen) 

Carboxyl 

— COOH 

0.006 

0.01 

0.16 

1.3 

Hydroxyl 

Carbonyl 

—OH 

CO 

0.22 
0.10  ■ 

0.22 

0.10 

3.52 

1.60 

29.4 

13.3 

Phenol  ester 

— Ar  — OOC 

0.06 

0.12 

1.92 

16.0 

Phenol  ether 

— Ar  — 0 — 

0.30 

0.30 

4.80 

40.0 

total 

0.75 

12.00 

100.0 

SUMMARY 

The  presence  of  phenolic  ether  bonds  in  Esthonian  shale  kerogen  has  been  experimentally  demonstrated 
and  the  oxygen  balance  by  functional  groups  has  been  calculated. 
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PRODUCTION  OF  NICOTINIC  ACID  FROM  S-PICOLINE  - 
A  WASTE  PRODUCT  IN  PHTHIVAZIDE  PRODUCTION 

M.V.  Rubtsov,  L.N.  Yakhontov,  and  S.V.  Yatsenko 
The  S.  Ordzhonikidze  All-Union  Scientific  Research  Qiemico -Pharmaceutical  Institute 


Nicotinic  acid  is  used  in  the  food  industry  and  in  medicine  as  vitamin  PP.  It  is  also  an  intermediate  in 
the  synthesis  of  a  valuable  medical  product  -  cordiamine.* 

The  method  in  present  use  for  the  production  of  nicotinic  acid  by  oxidation  of  nicotine  by  potassium 
permanganate  involves  the  use  of  a  costly  raw  material  (the  alkaloid  nicotine  )  and  the  high  consumption  ratio 
of  potassium  permanganate  (14.1).  For  this  reason  0— picoline  is  especially  important  as  a  starting  material 
for  the  production  of  nicotinic  acid.  Together  with  2,6-lutidine,  0~picoline  is  an  unutilized  byproduct  in  the 
production  of  the  antitube rcular  drug  phtliivazide. 

The  purpose  of  the  present  work  was  to  study  the  possibility  of  obtaining  nicotinic  acid  from  this  bypro¬ 
duct. 

Separation  of  6-picoline  from  its  mixture  with  2,6-lutidine  was  effected  by  means  of  zinc  chloride, 
which  forms  a  complex  sparingly  soluble  in  water  with  6-picoline.  Decomposition  of  this  complex  by  alkali 
gave  technical  0— picoline,  containing  an  admixture  of  other  alkylpyridines  (m.p.  of  picrate  143-145*  instead 
of  149-150"  for  the  picrate  of  pure  0  -picoline  ). 

Various  methods  of  oxidation  of  6  -picoline  to  nicotinic  acid  have  been  described  in  the  literature;  by 
potassium  dichromate  in  an  autoclave  [1],  by  nitric  acid  at  high  temperatures  [2],  by  perchloric  acid  [3],  by 
halogens  [4],  electrolytically  [5]  and  catalytically  in  tlie  liquid  [6]  or  gas  [7]  phase.  However,  in  every  case 
either  low  yields  of  nicotinic  acid  are  obtained,  or  the  reaction  occurs  in  conditions  which  make  it  difficult 
to  carry  it  out  technologically. 

The  rilost  interest  for  the  oxidation  of  0  -picline  attaches  to  such  oxidizing  agents  as  potassium  perman¬ 
ganate  and  pyrolusite. 

Oxidation  of  6  -picoline  by  potassium  permanganate  takes  place  in  mild  conditions.  When  pure  0  -pico¬ 
line  is  used,  the  yield  of  nicotinic  acid  with  m.p.  234.5—235.5"  is  77%  of  the  theoretically  possible,  and  its 
isolation  presents  no  difficulties  [8]. 

However,  as  preliminary  experiments  showed,  the  use  of  this  method  for  oxidation  of  0  -picoline  con¬ 
taining  other  alkylpyridines  yields  nicotinic  acid  of  inferior  quality  (m.p.  227-229")  in  35-40%  yield. 

As  the  production  of  pure  6  -picoline  from  the  technical  product  is  accompanied  by  considerable  losses, 
we  studied  the  conditions  for  production  of  pharmacopoeial  nicotinic  acid  from  technical  0 -picoline  in  satis¬ 
factory  yield. 

The  oxidation  was  performed  by  addition  of  potassium  permanganate  to  a  heated  aqueous  solution  of 
0  -picoline.  Manganese  dioxide  was  then  filtered  off  and  nicotinic  acid  was  isolated  from  the  solution  of  its 
potassium  salt  by  hydrochloric  acid. 

It  was  found  that  the  best  yields  are  obtained  if  the  oxidation  is  carried  out  at  70*.  Decrease  of  the 
temperature  to  60*  prolongs  the  reaction  and  decreases  the  yield  of  nicotinic  acid.  At  80*  further  oxidation  of 
nicotinic  acid  readily  occurs. 

*  As  in  original  .  May  mean  coriamin  -  Publisher's  note. 
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Nicotinic  acid  was  purified  by  crystallization  from  the  mother  liquor  after  precipitation  by  hydrochloric 
acid.  The  best  results  are  obtained  when  nicotinic  acid  is  crystallized  from  a  14-fold  volume  relative  to  the 
volume  of  S  -picoline  taken  for  oxidation.  The  addition  of  "seed"  at  70*  and  thorough  washing  give  nicotinic 
acid  with  m.p.  235-236*,  satisfying  all  the  specifications  of  the  pharmacopoeia.  The  yield  of  pharmaceutical 
grade  acid  is  45-48%  and  this  is  raised  to  60%  if  the  mother  liquor  is  used.  Thus,  conditions  have  been  found 
for  the  production  of  pharmaceutical  grade  nicotinic  acid  in  good  yield  from  technical  fl -picoline.  The  potas¬ 
sium  permanganate  consumption  is  one  third  of  the  consumption  in  the  method  based  on  oxidation  of  nicotine. 

Subsequent  work  on  the  production  of  nicotinic  acid  with  the  use  of  potassium  permanganate,  carried 
out  jointly  with  G.A.  Gorlych  and  R.P.  Bolshei,  showed  that  the  use  of  a  byproduct  with  a  higher  content  of  the 
low-boiling  fraction  distilling  below  140*  (25%  and  over  )  gives  an  acid  with  melting  point  232-233*,  and  the 
yield  is  less.  In  such  cases  pharmaceutical  grade  acid  cannot  be  obtained  without  additional  recrystallization. 

Another  promising  oxidizing  agent  for  the  production  of  nicotinic  acid  from  0  -picoline  is  pyrolusite  [9], 
The  oxidation  was  performed  by  addition  of  pyrolusite  and  sulfuric  acid  to  heated  0 -picoline  sulfate,  with  sub¬ 
sequent  heating  and  stirring  of  the  reaction  mass.  The  temperature  conditions  (from  80  to  180*),  reaction  time 
(from  10  to  65  hours),  the  amount  of  pyrolusite,  and  the  conditions  for  isolation  of  nicotinic  acid,  were  all 
varied.  The  best  results  were  obtained  by  the  use  of  pyrolusite  in  10%  excess,  with  the  reaction  carried  out  at 
140*  during  20  hours. 

In  all  the  experiments  with  pyrolusite,  nicotinic  acid  was  isolated  through  its  copper  salt.  It  was  shown 
tliat  the  completeness  of  precipitation  of  the  copper  salt  of  nicotinic  acid  greatly  depends  on  the  pH  of  the 
medium.  The  optimum  value  is  pH  =  7.  Bromothymol  blue  was  used  as  indicator  in  neutralization  of  the  sol¬ 
ution  before  precipitation  of  the  copper  salt  of  nicotinic  acid. 

Tests  of  the  influence  of  pH  of  the  medium  on  the  completeness  of  precipitation  of  nicotinic  acid  in 
its  formation  from  the  potassium  salt  showed  that  the  optimum  pH  in  this  case  is  3-4.  The  indicator  used  in 
isolation  of  free  nicotinic  acid  was  bromophenol  blue. 

In  view  of  the  fact  that  sulfides,  because  of  their  high  toxicity  and  unplesant  odor,  are  inconvenient  for 
use  in  production,  the  possibility  of  replacing  sodium  sulfide  by  other  reagents  for  the  decompositioti  of  the 
copper  salt  of  nicotinic  acid  was  studied.  Experiments  showed  that  the  most  convenient  procedure  is  decompo¬ 
sition  of  the  copper  salt  by  42%  caustic  soda  solution  at  a  boil.  Copper  oxide  is  liberated  in  the  form  of  a 
coarse  precipitate  and  filtration  of  the  hot  solution  presents  no  difficulties. 

In  oxidation  of  0 -picoline  sulfate  by  pyrolusite,  the  yield  of  nicotnic  acid  with  m.p,  235-236*  is  537p  of 
the  theoretical,  and  with  utilization  of  the  mother  liquor  it  is  60%. 


EXPERIMENTAL 

Isolation  of  0  -picoline  from  a  mixture  of  0  -picoline  and  2.6-lutidine — byproduct  of  phthivazide  pro- 
duction.  To  1300  g  of  a  mixture  of  0  -picoline  and  2.6-lutidine  (moisture  content,  by  the  Fischer  method, 
22.9%,  b.p.  of  the  dried  mixture  138-146*,  fraction  up  to  138*,  7%)  1180  ml  of  water  was  added,  and  then 
1000  g  of  40o/r  zinc  chloride  solution  was  added  during  6-8  hours  with  vigorous  stirring.  The  white  crystalline 
precipitate  of  complex  salt  was  filtered  off  and  washed  with  6000  ml  of  cold  water.  The  moist  product — com¬ 
plex  salt  of  0  -picoline  and  zinc  chloride — was  decomposed  by  addition  of  520  ml  of  42  caustic  soda  solution, 
with  stirring.  The  precipitated  zinc  hydroxide  was  filtered  off  and  the  filtrate  was  left  to  stand  until  it  separated 
completely  into  layers.  The  top  layer  was  separated  off.  The  yield  was  484  g  of  0  -picoline  containing  18.4% 
water,  m.p.  of  picrate  143-145*. 

The  yield  of  anhydrous  0 -picoline  was  396  g  or  39.6%,  calculated  on  the  anhydrous  mixture  of  0 -pico¬ 
line  and  2.6-lutidine  taken  for  the  separation. 

Production  of  nicotinic  acid  by  oxidation  of  0  -picoline  by  potassium  permanganate.  Into  a  three -necked 
flask  with  a  stirrer,  oil  seal,  thermometer,  and  reflux  condenser,  60.5  g  of  0  -picoline  (water  content  18.4%) 
and  350  ml  of  waterwere  placed.  The  mixture  was  heated  to  70*  with  stirring  and  182  g  of  potassium  permanga¬ 
nate  was  added  in  18.2  g  portions.  Each  succeeding  portion  was  added  only  after  complete  reduction  of  the 
preceding  portion  i.e.,  at  20-30  minute  intervals.  The  temperature  of  the  reaction  mass  was  kept  constant  at 
70*.  The  total  average  duration  of  the  reaction  was  6.5  hours.  At  the  end  of  the  reaction  manganese  dioxide 
was  filtered  off  and  washed  by  boiling  twice  with  150  ml  lots  of  water.  The  filtrate  and  washings  were  combined 


and  acidified  with  concentrated  hydrochloric  acid  (about  55  ml)  to  pH  3-4  (green  color  with  bromophenol 
blue)  .  The  white  precipitate  of  nicotinic  acid  formed  was  heated  in  the  mother  liquor  until  completely  dis¬ 
solved,  The  total  volume  of  the  solution  was  700  ml.  The  crystallization  of  the  nicotinic  acid  was  carried  out 
at  70*  after  seeding.  The  precipitated  nicotinic  acid  was  filtered  off,  washed  twice  with  200  ml  lots  of  cold 
water,  and  dired  at  60-70*.  The  yield  of  nicotinic  acid  was  29.5  g,  or  of  the  theoretical,  m.p.  235-236*. 

The  mother  liquor  after  separation  of  the  nicotinic  acid  was  evaporated  down  to  200  ml.  The  precipitate 
which  formed  on  cooling  was  filtered  off  and  recrystallized  from  160  ml  of  water.  A  further  9,5  g  of  nicotinic 
acid  with  m.p,  235-236*  was  obtained. 

The  total  yield  of  nicotinic  acid  was  39.0  g,  or  60%  of  the  theoretical. 

Production  of  nicotinic  acid  by  oxidation  of  B  -picoline  sulfate  by  pyrolusite.  Into  a  three -necked  flask 
with  a  stirrer,  oil  seal,  thermometer,  and  reflux  condenser,  20.5  g  of  0  -picoline  (water  content  18.4/0 )  and 
21.6  g  of  technical  concentrated  sulfuric  acid(d=  1.83)were  placed.  Heat  was  evolved.  The  reaction  mass  was 
heated  to  120®,  and  68.8  g  of  pyrolusite  containing  80%  Mn02  and  87.2  g  of  technical  concentrated  sulfuric  acid 
(d  =  1.83)  were  added  in  small  portions  (1/ 15  of  the  total  amount).  Considerable  heat  was  evolved  on  addition 
of  each  portion,  especially  the  earlier  portions.  The  total  duration  of  the  process  was  3-4  hours.  The  mixture 
was  then  heated  at  140*  for  20  hours  with  stirring.  The  mass  thickened  considerably  and  became  grayish-black 
instead  of  black.  At  the  end  of  the  reaction  the  mixture  was  cooled,  diluted  with  100  ml  of  water  (or  mother 
liquor  from  the  precipitation  of  nicotinic  acid  in  the  preceding  batch)  and  42%  caustic  soda  solution  was  added 
to  an  alkaline  reaction  of  phenolphthalein  ( about  150  ml).  The  precipitate  was  filtered  off,  boiled  twice  with 
100  ml  lots  of  v/ater  with  subsequent  filtration.  The  filtrate  and  washings  were  combined,  neutralized  by  sul¬ 
furic  acid  (2.5-3  ml)  against  bromothymol  blue  to  pH  =  7  (green  color  of  the  indicator ),  heated  to  boiling,and 
the  copper  salt  of  nicotinic  acid  was  formed  by  gradual  addition,  during  5  minutes,  of  a  solution  of  25,0  g  of 
copper  sulfate  in  50  ml  of  water  heated  to  a  boil.  The  reaction  mixture  was  boiled  for  15  minutes,  and  the 
precipitated  copper  salt  was  filtered  out  of  the  hot  solution;  the  precipitate  was  washed  three  times  by  boiling 
with  100  ml  lots  of  water.  The  copper  salt  was  then  mixed  with  60  ml  of  water,  heated  to  a  boil,  and  42% 
caustic  soda  solution  (10-12  ml)  was  added  to  an  alkaline  reaction  to  phenolphthalein.  The  reaction  mixture 
was  thoroughly  stirred  and  boiled  for  15  minutes  with  1.0  g  of  charcoal.  The  solution  was  filtered  hot  and  the 
residue  was  washed  with  60  ml  of  hot  water.  The  filtrate  and  washings  were  combined  and  treated  with  hydro¬ 
chloric  acid  (9-15  ml)  to  pH  3-4  (to  a  green  color  with  bromophenol  blue  );  the  reaction  mixture  was  heated 
to  boiling  and  left  to  stand  overnight  to  crystallize  the  nicotinic  acid.  The  nicotinic  acid  was  filtered  off  and 
dried  at  70*  in  a  drying  oven.  The  mother  liquor  was  used  for  treatment  of  the  next  batch.  The  yield  of  nicotin¬ 
ic  acid  with  m.p.  235-236*  was  11.75  g.  This  was  52.5%  of  the  theoretical.  With  the  use  of  the  mother  liquor 
the  yield  of  nicotinic  acid  was  13.2  g,  or  60%. 

SUMMARY 

Two  variants  have  been  developed  of  a  method  for  the  production  of  nicotinic  acid  from  0  -picoline, 
which  is  a  byproduct  of  phthivazide  manufacture,  with  the  use  of  potassium  permanganate  and  pyrolusite  as 
oxidizing  agents. 
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CATALYTIC  SYNTHESIS  OF  VINYL  ETHERS 


N.S.  Kozlov  and  S.  Ya.  Chumakov 
The  Molotov  State  Pedagogic  Institute 


Although  vinyl  ethers  have  long  been  known,  they  have  found  practical  applications  only  during  recent 
years.  Modern  industrial  methods  for  the  production  of  vinyl  ethers  are  based  on  theFavorsky  reaction  [1].-  ad¬ 
dition  of  alcohols  to  acetylenic  hydrocarbons  in  presence  of  alkali  catalysts 

R-OH+  CH  =  R-O- CH=CH2. 

This  reaction  is  nowknown  as  the  vinylation  of  alcohols.  In  our  country,  industrial  methods  for  production 
of  vinyl  ethers  were  developed  by  Favorsky  and  Shostakovsky  [2],  and  abroad,  by  Nieuwland  [3],  Reppe  [4],  and 
their  associates.  Many  publications  are  now  avalable  dealing  with  the  synthesis  and  investigations  of  the  pro¬ 
perties  of  vinyl  ethers;  these  include  a  number  of  reviews  [5,  6,  7],  It  has  been  established  that  the  optimum 
temperature  for  the  vinylation  reaction  is  of  the  order  of  150-180*.  Therefore  all  alcohols  boiling  below  150* 
must  be  vinylated  under  acetylene  pressure.  Primary,  secondary,  and  tertiary  alcohols,  and  also  phenols  of  ex¬ 
tremely  varied  structures,  can  be  vinylated. 

The  catalysts  used  for  vinylation  of  alcohols  are  caustic  soda,  caustic  potash,  and  zinc  and  cadmium 
salts  of  organic  acids. 

It  is  known  that  compressed  acetylene  is  capable  of  explosive  decomposition  on  heating  and  therefore, 
for  safe  operation,  special  antiexplosion  equipment  is  used,  and,  in  addition,  in  vinylation  by  the  Favorsky  and 
Shostakovsky  method,  the  acetylene  is  diluted  with  vapors  of  the  starting  materials  and  reaction  products,  and 
in  Reppe  syntheses,  with  nitrogen. 

Despite  the  numerous  investigations  devoted  to  vinyl  ether  synthesis,  a  number  of  problems  have  not 
been  sufficiently  clarified.  For  example,  in  Shostakovsky' s  numerous  papers  only  the  batch  autoclave  method 
for  preparation  of  vinyl  ethers  is  described.  In  the  publications  by  foreign  authors  the  question  of  the  influence 
of  acetylene  pressure  on  the  yield  of  vinyl  ethers  is  not  elucidated.  We  were  also  of  the  opinion  that  new, 
highly  active  catalysts  could  be  used  in  this  reaction. 

The  purpose  of  the  present  investigation  was  to  develop  a  continuous  vapor-phase  method  for  production 
of  vinyl  ethers  with  the  use  of  an  already  known  catalyst  -  zinc  acetate,  and  a  new  catalyst  -  copper  acetylide. 
The  catalytic  effect  of  copper  acetylide  on  reactions  involving  acetylene  was  observed  previously  by  one  of  us 
£8]  and  was  also  established  by  Reppe  [9]  (in  the  synthesis  of  butynediol-1,  4  from  acetylene  and  formaldehyde). 

EXPERIMENTAL 

The  experiments  were  performed  with  the  use  of  apparatus  which  was  a  somewhat  improved  version  of 
the  apparatus  used  earlier  by  one  of  us  for  amination  of  organic  compounds  by  compressed  ammonia  [10].  The 
apparatus  consisted  of  a  steel  cylinder  0.5  liter  in  capacity,  fitted  with  a  dripcock  and  a  plastic  window  for  reg¬ 
ulation  of  the  feed  rate.  This  cylinder  was  connected  to  a  steel  tube  of  20  mm  internal  diameter,  containing 
the  catalyst.  The  reactor  was  connected  to  another  steel  cylinder  which  served  as  the  receiver;  this  had  two 
valves,  for  releasing  gas  and  liquid.  The  first  cylinder  was  connected  to  a  manometer  to  measure  the  pressure. 
Pressure  in  the  apparatus  was  created  by  the  pressure  of  the  gas  in  an  acetylene  cylinder.  This  was  connected 
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by  means  of  a  narrow  steel  tube  to  the  first  cylinder.  The  connecting  tube  was  filled  with  a  bundle  of  wires, 
and  on  its  end  was  fitted  a  rubber  cap  with  a  small  cut  in  the  side;  this  acted  as  a  recoil  valve.  During  the  ex¬ 
periments  the  apparatus  was  covered  by  a  special  shield  on  the  side  facing  the  operator,  with  plastic  windows. 

The  copper  acetylide  catalyst  was  prepared  as  follows.  Pieces  of  fireclay  were  saturated  with  an  ammoniacal 
solution  of  cuprous  oxide  and  then  treated  with  acetylene  in  an  ordinary  funnel  (the  gas  was  passed  in  through 
the  narrow  end  of  the  funnel).  The  catalyst  was  dried  in  the  apparatus  in  a  current  of  acetylene.  It  contained 
l-2<yoof  copper  acetylide.  50  g  of  this  catalyst  was  placed  into  the  reaction  tube. 

Cuprous  acetylide  obtained  by  the  reaction  of  acetylene  with  aromatic  amines  [8]  was  also  used  as 
catalyst;  this  was  mixed  with  aluminum  oxide  and  molded  into  small  cylinders.  This  catalyst  contained  up  to 
5%  copper  acetylide.  Neither  catalyst  was  explosive  on  impact  or  when  introduced  into  a  burner  flame.  The 
measures  described  above  ensured  safe  working  with  compressed  acetylene. 

The  experiments  were  carried  out  as  follows.  After  the  catalyst  had  been  charged  into  the  reaction 
vessel  and  the  alcohol  had  been  put  into  the  pressure  vessel,  acetylene  was  blown  through  the  whole  apparatus 
to  remove  atmospheric  oxygen.  The  reaction  tube  was  then  slowly  heated  to  the  required  temperature,  and  the 
alcohol  was  then  admitted  to  the  catalyst  at  a  definite  rate,  while  the  apparatus  was  filled  with  compressed 
acetylene.  In  this  way  the  compressed  acetylene  was,  in  a  sense,  diluted  with  vapors  of  the  starting  materials 
and  final  reaction  products.  To  create  a  stream  of  acetylene  in  the  apparatus,  acetylene  was  continuously  al¬ 
lowed  to  escape  through  the  gas  valve  in  the  receiver  cylinder.  The  acetylene  pressure  in  the  apparatus  was 
maintained  at  a  constant  level  by  admission  of  acetylene  from  the  acetylene  cylinder. 

After  a  definite  weight  of  alcohol  had  been  passed  over  the  catalyst,  the  apparatus  was  cooled  and  the 
pressure  in  it  was  allowed  to  become  normal.  The  reaction  product  was  fractionated,  the  crude  vinyl  ether 
fraction  was  washed  with  water  to  remove  alcohol,  dried  over  potash,  and  distilled  over  metallic  sodium. 

We  first  investigated  the  properties  of  10%  zinc  acetate  on  pumice  in  order  to  obtain  data  for  comparison. 
In  a  series  of  experiments  we  determined  the  effect  of  acetylene  pressure  in  the  apparatus  on  the  yield  of  vinyl 
n-butyl  ether  at  200-220"  and  with  the  n-butyl  alcohol  supplied  at  a  rate  of  10  drops  per  minute  (Table  1). 

The  data  in  Table  1  show  that  the  yield  of  vinyl  ether  increases  with  acetylene  pressure.  We  were  not 
able  to  raise  the  acetylene  pressure  in  the  reaction  zone  above  12-13  atm.,  but  there  is  no  doubt  that  further 
increase  of  the  acetylene  pressure  would  favor  an  increase  in  the  yield  of  the  vinyl  ether. 


TABLE  1  TABLE  2 

Effect  of  Pressure  on  the  Yield  Effect  of  Temperature  on  the  Yield 

of  Vinyl  n-Butyl  Ether  of  Vinyl  n-Butyl  Ether 


Acetylene 

pressure 

%  Yield  of  vinyl  ether, 
calculated  on 

Tempera  - 

%  Yield  of  vinyl  ether 
calculated  on 

(in  atm.) 

n-butyl  al¬ 
cohol  taken 

1 

reacted 

alcohol 

ture  ( deg) 

n-butyl  al¬ 
cohol  taken 

reacted 

alcohol 

1 

21.4 

50.7 

150 

24.5 

67.9 

5 

36.3 

62.5 

200—220 

47.6 

67.7 

12—13 

47.6 

1 

67.7 

260—270 

.33.1 

62.4 

The  reaction  of  acetylene  with  n-butyl  alcohol  was  next  used  to  determine  the  effect  of  temperature 
on  the  yield  of  vinyl  n-butyl  ether  at  12-13  atm.  acetylene  pressure,  all  the  remaining  reaction  conditions 
being  the  same  as  in  the  preceding  experiments  (Table  2  ). 

It  follows  from  Table  2  that  at  150"  the  reaction  proceeds  at  a  low  rate,  while  above  200-220*  decom¬ 
position  of  zinc  acetate  takes  place,  which  may  affect  its  influence  on  the  reaction.  On  the  other  hand,  the 
possibility  of  decomposition  of  the  vinyl  ether  formed  is  not  excluded. 

The  duration  of  catalyst  activity  is  of  great  importance  both  in  characterization  of  a  catalyst,  and  in 
deciding  the  question  of  its  practical  application.  This  question  was  therefore  investigated  specially.  It  was 
found  that  in  the  reaction  of  acetylene  with  n-butyl  alcohol  at  210-220",  under  12-13  atm.  acetylene  pressure. 


and  an  alcohol  feed  rate  of  10  drops  per  minute,  the  yield  of  vinyl  n-butyl  ether  does  not  diminish  during  20 
hours,  as  shown  below ; 


on  the 
n-butyl  al 
cohol 

After  5  hours  46  0 

After  10  hours  47.2 

After  15  hours  49.0 

After  20  hours  48.4 

Simultaneously  with  the  study  of  the  catalytic  properties  of  the  acetate  catalyst,  the  catalytic  properties 
of  copper  acetylide  were  studied  by  a  similar  procedure.  It  was  found  that  the  optimum  reaction  temperature 
is  200-220*,  that  the  catalyst  does  not  appreciably  lose  its  activity  after  20  hours  of  use,  and  that  copper  acetyl¬ 
ide  is  not  inferior  to  zinc  acetate  in  catalytic  activity. 

After  the  optimum  reaction  conditions  had  been  established  for  both  catalysts,  experiments  were  carried 
out  on  vinylation  of  various  alcohols  (temperature  210-220*,  acetylene  pressure  12-13  atm.,  alcohol  feed  rate 
10  drops  per  minute)..  The  results  are  given  in  Table  3. 

TABLE  3 

Results  of  Experiments  on  Vinylation  of  Various  Alcohols 


%  on  reacted 
n-butyl  alcohol 

64.7 
66.4 

65.8 
67.2 


1 

Yield  of  ether,  % 

Alcohol 

Catalyst 

on  the 
alcohol 
taken 

on  the 

1  reacted 

1  alcohol 

n -Butyl  alcohol 

Isobutyl  alcohol 

Isoamyl  alcohol 
n -Butyl  alcohol 

Isobutyl  alcohol 

Isobutyl  alcohol 

1  zinc  acetate 

1  Copper  acetylide 

47.6 

50.3 

38.2 

54.8 

44.3 

67.7 

66.6 

63.8, 

67.4 

66.4 

The  vinyl  ethers  obtained  had,  as  is  shown  below,  constants  which  were  in  complete  agreement  with  the 
literature  data  [5]: 


Ether 

Vinyl  n-butyl 
Vinyl  isobufyl 
Vinyl  isoamyl 


B.  p.(deg) 

‘*4 

«20 

92—94 

0.7785 

1 .4084 

82—83 

0.7660 

1.3984 

110—116 

0.7881 

1.4106 

SUMMARY 

In  a  study  of  a  continuous  vapor  phase  method  for  production  of  vinyl  ethers  by  vinylation  of  alcohols 
by  means  of  acetylene  under  pressure  it  was  shown  that  copper  acetylide  is  an  active  catalyst  for  this  reaction. 
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A  NEW  METHOD  FOR  THE  SYNTHESIS  OF  AROMATIC  HYDROCARBONS 


OF  PREDETERMINED  STRUCTURE* 

I.L.  Kotly are vsky,  A.S.  Zanina  and  V.G.  Lipovich 


After  the  discovery  of  the  Favorsky  reaction,  divinylacetylene  hydrocarbons  became  readily  available 
compounds,  while  unsubstituted  divinylacetylene  itself  is  a  large  scale  byproduct  in  chloroprene  rubber  produc¬ 
tion. 

Much  research  has  been  devoted  to  the  synthesis  of  cyclic  compounds  from  divinylacetylene  hydrocarbons. 
The  first  investigations  in  this  field  were  by  Marvel  and  his  school  [1]  who,  having  developed  a  method  of  cy¬ 
clohydration  of  divinylacetylene  hydrocarbons  to  give  substituted  cyclopentenones,  erroneously  ascribed  the  cy- 
clohexenone  structure  to  the  reaction  products.  The  most  extensive  investigations  on  the  hydration  and  cycli- 
zation  of  divinylacetylene  hydrocarbons  were  those  of  Nazarov  and  his  school  [2],  who  developed  in  detail 
methods  of  cyclopentenone  synthesis  from  substituted  divinylacetylenes,  and  also  demonstrated  conclusively 
that  Marvel's  views  on  the  structure  of  the  dienyne  cyclization  products  were  erroneous. 

Thus,  until  now  only  compounds  with  a  cyclopentanone  skeleton  have  always  been  obtained  by  cycli¬ 
zation  of  divinylacetylene  hydrocarbons. 

In  the  course  of  work  on  the  reactions  of  divinylacetylene  hydrocarbons  in  our  laboratory,  it  was  decided 
to  develop  a  method  for  the  preparation  of  aromatic  hydrocarbons  of  predetermined  stmcture  from  substituted 
divinylacetylenes. 

As  the  first  examples,  we  carried  out  aromatization  of  dicyclohexenyl- acetylene  and  diisopropenylace- 
tylene  over  MoOj/  AiPs  and  OjOj/  AI2OS  catalysts. 


HC=CH  +  2GH3— CO— CHa 


KOH  Chsx  _  _  _  _ 


CHa^  I 


\c— G=C— C/ 

I^CHa 

OH  OH 


CH, 


-H,0 


CH3 

I 


CH2=C-C=G— C=CH2  CH3-<f  ^-CHg 


HC=CH-f2<  \=0  — \C— G=C— G<;^  ^ 

OH  OH 


/V 


•  Communication  III  in  the  series  on  unsaturated  hydrocarbons. 


Phenanthrene  in  73<7o  yield  was  obtained  over  20<yp  Cr205/  AljOs  at  400*.  The  structure  of  the  phenan- 
threne  formed  was  exhaustively  proved  by  mixed  melting-point  tests  of  the  compound  and  of  its  picrate  with 
known  samples,  and  also  by  the  formation  of  phenantlirenequinone  by  oxidation  with  chromic  anhydride  in 
acetic  acid.  In  addition  to  phenanthrene,  a  very  small  amount  of  a  crystalline  substance  with  melting  point 
214“  (from  alcohol )  was  isolated  from  the  reaction  products;  its  stmeture  was  not  determined  owing  to  the 
small  amount  available. 

Over  Sfl/p  Mo03/Al2Qg  ,  aromatization  of  diisopropylacetylene  occurs  at  temperatures  from  300  to  500*. 

From  tlie  reaction  products  p-xylene,  comprising  about  70<7oof  the  catalyzate,  is  easily  distilled  off;  however  the 
yield  of  catalyzate  is  not  large,  not  more  than  40%,  because  of  the  cracking  which  occurs  in  the  process. 

At  400*  over  20%  CtjOs/ AI2O3  die  catalyzate  yield  was  41.4%,  if  the  reaction  was  performed  in  a  hydro¬ 
gen  medium,  and  30%  without  hydrogen;  about  60%  of  the  catalyzate  was  p-xylene,  which  is  easily  separated 
as  the  other  reaction  products  boil  at  considerably  higher  temperatures.  The  p-xylene  structure  was  proved  by 
its  oxidation  to  terephthalic  acid  and  by  means  of  Raman  spectra;  the  authors  are  indebted  for  the  latter  to 
physicist  N.I.  Shergina,  assistant  at  the  Laboratory  of  Fuel  Chemistry  and  Technology,  lEKh. 

EXPERIMENTAL 

Aromatization  of  dicyclohexenylacetylene.  Dicyclohexenylacetylene  was  prepared  from  acetylene  and 
cyclohexanone  by  the  usual  methods  [3].  Aromatization  of  dicyclohexenylacetylene  was  effected  over  50  ml  of 
20%  CrgO/  A1203  catalyst,  contained  in  a  catalytic  tube  heated  in  a  tubular  furnace  at  400*  ±  2*.  The  catalyst 
was  previously  heatedina  current  of  air  for  3.5  hours  at  500*.  Hydrogen  was  blown  tlirough  the  system  before 
each  experiment.  The  substance  was  fed  from  a  dropping  funnel  at  a  rate  of  1  g  per  7  minutes.  A  total  of  10 
g  was  added  during  70  minutes.  The  reaction  yielded  7.3  g  of  crystals  and  4.0  liters  of  hydrogen  ( 0*,  760  mm). 
After  recrystallization  from  alcohol  the  crystals  melted  at  99-100“  and  did  not  give  a  melting  point  depression 
with  phenanthrene.  The  picrate  with  m.p.  140-142.6"  was  prepared  by  the  usual  method.  A  mixture  of  the 
picrate  with  known  phenanthrene  picrate  gave  no  freezing  point  depression. 

Wlicn  the  reaction  was  carried  out  over  nonregenerated  catalyst,  the  phenanthrene  yield  fell  to  65%. 

When  the  reaction  temperature  was  lowered  to  300*,  and  when  the  contact  time  was  doubled,  the  phenanthrene 
yield  fell  to  10%.  In  addition  to  phenanthrene,  die  starting  substance  was  obtained. 

Oxidation  of  the  aromatization  product.  A  solution  of  2  g  of  the  substance  in  10  g  of  acetic  acid  was 
placed  in  a  two-necked  flask.  A  hot  solution  of  5  g  of  chromic  anhydride  in  12  g  of  acetic  acid  was  added 
during  30  minutes  witli  heating  and  stirring.  The  solution  was  then  boiled  for  1.5  hours  and  mixed  with  50  cc 
of  water.  Tire  precipitate  formed  (1.8  g)  was  filtered  and  washed  with  water. 

After  recrystallization  from  alcohol  the  melting  point  of  the  substance  was  204-206",  which  corresponds 
to  the  melting  point  of  phenanthrenequinone. 

Aromatization  of  diisopropenylacetylene  was  carried  out  over  M0O3/  AI2O3  and  Cr203/ AI2O3  catalysts, 
placed  in  a  catalytic  tube  heated  in  a  tubular  furnace  at  temperatures  (regulated  to  within  ±  2"  )  of  250,  300 
and  500". 

5%  M0O3/ AI2O3  catalyst  was  prepared  as  follows.  Water  from  a  mixture  of  pieces  of  AI2O3  and  ammonium 
molybdate  solution  was  evaporated  to  dryness  with  constant  stirring  and  heating.  The  pieces  of  AI2O3,  impreg¬ 
nated  with  ammonium  molybdate  solution,  were  heated  up  to  500"  in  a  stream  of  air  during  three  hours,  and 
heated  for  a  further  2  hours  at  tliis  temperature  in  a  stream  of  dry  air. 

The  substance  was  introduced  into  the  catalysis  space  in  the  form  of  a  mixture  of  its  vapor  with  hydrogen, 
made  in  a  special  evaporator,  in  which  a  stream  of  hydrogen  was  passed  at  a  definite  rate  through  diisopropyla¬ 
cetylene  heated  to  a  definite  temperature.  The  presence  of  aromatic  hydrocarbons  in  the  catalyzate  was  tested 
for  by  the  formolite  reaction.  The  products  obtained  in  experiments  performed  under  similar  conditions  were 
mixed  and  distilled.  The  catalyst  was  regenerated  before  each  successive  experiment  by  a  stream  of  air  at  500", 
The  results  of  the  experiments  are  given  in  the  table. 

Distillation  of  4.1  g  of  catalyzate  obtained  in  experiments  performed  in  the  conditions  of  Experiment  2 
yielded  2.8  g  of  p-xylene,  boiling  in  the  range  133-138*  at  730  mm,  1.4938. 
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Results  of  Experiments  on  Aromatization  of  Diisopropenylacetylene 


Experi¬ 

ment 

No. 

Furnace . 
tempera  - 
ture 
(deg) 

Hydroger 

rate 

(liters/ 

min) 

Amount  of 
diisoproen- 
ylacetylene 
;  ing) 

Amount 
of  cata¬ 
lyzate 
(ing) 

Duration  of 
passing  dii- 
sopropenyla  ■ 
cetyle-ne 
ovdr  the  ca¬ 
talyst  (hrs) . 

Intensity  of 

formolite 

reaction 

Catalyst 

regeneration 

time(his). 

1 

250 

0.05 

8.0 

2.7 

1 

1.45 

None 

3 

2 

300 

0.05 

8.1 

2.4 

1.45 

Very  strong 

S 

3 

500 

0.05 

8.0 

3.0 

1.60 

Very  strong 

3 

Aromatization  of  diisopropenylacetylene  over  20%  Cr203/Al20j,  The  same  reaction  conditions  were 
used  as  with  the  molybdenum  catalyst  at  400*.  The  catalyst,  20%  CrjOs/ AljOj,  was  prepared  by  the  usual 
method. 

When  the  experiment  was  performed  in  a  stream  of  hydrogen  over  a  catalyst  regenerated  by  heating  in 
a  stream  of  air  (3  hours,  500“ ),  die  yield  of  catalyzate  was  41.4%.  In  experiments  without  hydrogen  the 
catalyzate  yield  was  30%. 

Distillation  of  the  catalyzate  from  experiments  without  the  use  of  hydrogen  yielded  58%  of  p-xylene 
widi  b.p.  132-135.5"  at  730  mm,  1.4938. 

Raman  spectra  showed  the  following  lines  for  p-xylene,  in  cm‘^  (intensities  shown  in  parentheses  on  a 
ten -point  scale);  308(6),  384(0  ),  457  (6X  645  (4),  681(0),  694  (0  ),  811  (3),  821  (10),  998  (5), 
1192  (2),  1205  (8  ),  1254  (0  ),  1319  (1  ),  1385  (6),  1447  (3),  1589  (0  ),  1617  (7  ).  These  results  are 
in  good  agreement  with  Kazansky 's  data  [4].  Moreover,  the  three  strongest  lines  for  m-xylene  [515(0),  535 
(0  ),  726  (2 )  ]  were  obtained  at  zero  or  very  low  intensity,  indicating  the  presence  of  traces  of  m-xylene  in 
the  reaction  products. 

Oxidation  of  the  p-xylene  by  25%  nitric  acid  on  heating  for  2  hours  at  170-180"  under  50  atm.  nitrogen 
pressure  [5]  gave  terephthalic  acid,  the  dimethyl  ester  of  which  melted  at  140.5-141"  (literature  data  140.8"). 
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SYNTHESIS  OF  y- B  UT  Y  ROL  A  CT  ON  E 


M.F.  Shostakovsky ,  F.P.  Sidelkovskaya  and  M.G.  Zelenskaya 


y -Butyrolactone  is  very  reactive  and  may  be  used  in  various  chemical  reactions,  as  in  the  synthesis  of 
acids  (glutaric,  hydroxydibutyric,  thiodibutyric  ),  in  the  synthesis  of  pyrrolidone,  etc.  [1]. 

y  -  Butyrolactone  was  first  prepared  in  1873  by  Zaitsev  by  reduction  of  succinyl  chloride  [2], 


Subsequently  this  compound  was  prepared  by  various  workers,  both  by  the  above  method  [3,  4]  and  by 
other  methods  (from  Na-acetoacetic  or  Na-malonic  esters)  [6],  from  glutaric  acid  [6],  by  oxidation  of  tetra- 
hydrofuran  and  its  derivatives  [7],  from  halogen -substituted  butyric  acids  [8],  and  by  the  dry  distillation  of  wood 
[9],  y  -Butyrolactone  is  formed  in  low  yield  when  butanediol-1,  4  is  passed  over  a  copper  catalyst  in  a  stream 
of  hydrogen;  the  hydrogen  is  passed  at  a  rate  of  1500  -  2000  liters/ hour  per  1  liter  of  catalyst  [10]. 

We  concentrated  our  attention  on  the  last  method,  as  the  one  giving  the  best  results.  The  reaction  is  re¬ 
presented  by  the  equation 


GH2- 

-GHa— GH2— GH2  — 

GH2- 

— GH. 

1 

1  catalysis 

1 

GHa 

1 

GO 

OH 

OH 

(1) 


and  it  is  essentially  a  special  case  of  ester  condensation  of  alcohols* 

2R-GH2-OH  RCOO— CH2R  -f  2H2  (2) 

Copper,  either  as  the  metal  or  as  the  oxide,  is  a  specific  catalyst  for  both  reactions. 

The  distinction  between  Reaction  (1  )  and  Reaction  (2  )  lies  in  the  fact  that  in  the  first  case  an  internal 
ester  is  formed,  involving  both  hydroxyl  groups  of  the  same  molecule  of  a  dihydric  alcohol,  while  in  the  usual 
ester  condensation  of  alcohols  (Reaction  2)  the  ester  is  formed  by  reaction  between  two  molecules  of  a  monohy- 
dric  alcohol.  Although  these  processes  are  represented,  in  the  aggregate,  as  dehydrogenation  reactions,  their 
mechanism  is  considerably  more  complex.  The  mechanism  of  ester  condensation  of  monohydric  alcohols  (Reac¬ 
tion  2  )  is  the  one  which  has  been  studied  in  greater  detail. 

As  regards  the  reaction  of  y  -butyrolactone  formation  from  butanediol  (1  ),  it  is  quite  possible  that  it 
proceeds  by  way  of  dialdehyde  formation  with  subsequent  condensation  of  the  latter  by  the  Tishchenko  reaction 
[11]: 

CHgOH— CH2-CH2— CH2OH - >  CHO-CH2— GH2— CHO-f-Hg 

GH2— GH2 

CHa  GO 

\  / 

0 

In  our  opinion,  however,  the  more  probable  mechanism  is  represented  by  Equations  (4,  5 ),  as,  according 
to  the  literature,  the  Tishchenko  reaction  is  difficult  to  bring  about  with  compounds  with  two  hydrogen  atoms  at 
the  a-carbon  atom  [12]. 


A  similar  mechanism  for  the  formation  of  esters  from  monohydric  alcohols  (by  way  of  oxidation  of  the 
aldehyde  by  water)  was  postulared  by  Lelchuk  and  Vaskevich  fl3]. 


CH2(0H)-CH2-CH2-GH2(0H) 
GHafOH)— CHa— CH2— GHO  + H2O  — 


->  Gn2(OH)— GH2— GH2GHO 
GH2(0H)-GH2-GH2G(^^^  +  Hj 
GH2 — CHa 

I  I 

GHa  GO 


(4) 

(5) 


As  was  already  stated  earlier,  the  synthesis  of  y -butyrolactone  from  butanediol-1,  4  is  effected  in  a 
stream  of  hydrogen  passed  at  a  high  rate.  However,  it  is  not  always  possible  to  attain  these  conditions  in  prac¬ 
tice.  It  was  therefore  desired  to  study  this  reaction  in  greater  detail  and  to  find  whether  hydrogen  may  be  re¬ 
placed  by  another,  less  explosive  gas. 

In  order  to  elucidate  the  role  of  hydrogen  in  the  reaction  of  y  -butyrolactone  formation  from  butanediol- 
1,  4  (over  a  copper  catalyst),  we  carried  out  experiments  both  with  hydrogen  and  without  (in  a  stream  of  nitro¬ 
gen).  The  following  factors  were  studied;  1)  effect  of  the  presence  of  hydrogen  on  the  yield  of  butyrolactone, 
and  2)  variation  of  the  lactone  yield  with  the  service  time  of  the  catalyst,  both  in  presence  and  in  absence  of 
hydrogen. 

It  was  found  that  when  the  reaction  is  carried  out  in  a  stream  of  hydrogen  the  yield  of  the  final  product 
reaches  90-95iyo;  this  yield  remains  constant  and  does  not  diminish  for  a  considerable  time  (10-20  experiments). 
However,  the  hydrogen  rate  may  be  decreased  considerably  (down  to  100  liters/ hour)  below  the  rate  indicated 
in  the  literature  without  any  effect  on  the  y  -butyrolactone  yield. 

Different  results  are  obtained  in  experiments  in  a  stream  of  nitrogen.  In  experiments  with  freshly  re¬ 
duced  catalyst  (during  3-3.5  hours)  the  lactone  yield  was  30-35<yr;  this  gradually  decreased  and  by  the  end  of 
7-8  hours  it  reached  6f>/r. 

It  was  found  during  the  in-vestigation  that  the  catalyst  can  be  easily  regenerated  by  reduction  in  a  stream 
of  hydrogen  (at  a  rate  of  2-5  liters/ hour)  at  200“  for  4-5  hours.  Such  regeneration  should  be  performed  after 
each  3-4  hours  of  catalyst  operation.  Under  these  conditions  the  yield  of  y  -butyrolactone  remains  fairly  con¬ 
stant,  in  the  range  of  30-40 <J!». 

The  results  suggest  that  in  the  formation  of  y  -butyrolactone  hydrogen  is  not  merely  the  carrier  of  the 
reactant  vapors,  but  actively  participates  in  the  reaction.  During  the  first  few  hours  of  catalyst  operation  the 
amount  of  hydrogen  adsorbed  on  its  surface  during  reduction  is  evidently  sufficient.  As  this  hydrogen  becomes 
exhausted,  the  activity  of  the  catalyst  diminishes  and  the  lactone  yield  falls.  It  should  be  pointed  out  that  de¬ 
crease  of  the  lactone  yield  is  not  accompanied  by  a  change  of  the  functions  of  the  catalyst,  i.e.,  the  reaction 
product  mainly  consists  of  unreacted  butanediol;  no  significant  amounts  of  new  substances,  which  might  indicate 
a  different  course  of  the  reaction  in  absence  of  hydrogen,  were  detected.  However,  we  did  not  succeed  in  pro¬ 
ving  conclusively  the  hypothesis  advanced  above  concerning  the  active  role  of  hydrogen.  For  this  it  is  neces¬ 
sary  to  compare  the  results  of  experiments  with  hydrogen  and  of  experiments  with  nitrogen  entirely  free  from 
oxygen.  In  our  experiments  nitrogen  containing  up  to  0.5<yp  of  oxygen  was  used,  as  a  high  degree  of  purification 
involves  great  experimental  difficulties  under  high-speed  conditions  (up  to  400  liters/ hour) . 

Despite  periodic  regeneration  of  the  catalyst,  the  lactone  yield  (in  experiments  in  a  stream  of  nitrogen) 
decreases  somewhat  from  one  experiment  to  the  next,  and  after  prolonged  use  (2-3  months)  the  regeneration 
described  above  is  sometimes  insufficient.  In  such  cases  we  subjected  the  catalyst  to  more  active  treatment 
(termed  "complete  regeneration"  ),  consisting  of  preliminary  oxidation  by  atmospheric  hydrogen  followed  by 
reduction.  In  experiments  with  the  use  of  a  catalyst  prepared  in  this  manner  (previously  oxidized),  the  lactone 
yield  increases  and  reaches  50<7r.  With  the  method  which  has  been  developed  for  regeneration  of  the  catalyst  it 
is  possible  to  synthesize  butyrolactone  from  butanediol  in  a  stream  of  nitrogen  in  40 -50<yc  yield,  and  the  treated 
catalyst  can  be  used  for  20-30  experiments. 

It  follows  from  the  foregoing  that  formation  of  y -butyrolactone  from  butanediol  takes  place  with  the 


best  yields  in  presence  of  hydrogen,  but  under  certain  conditions  the  reaction  can  also  be  carried  out  in  a  stream 
of  nitrogen. 

EXPERIMENTAL 

Synthesis  of  y-Butyrolactonc  from  Butanediol-1,4  in  a  Stream  of  Nitrogen 

Preparation  of  the  catalyst.  Into  a  flask  with  a  ground  glass  stopper  1  liter  in  capacity  was  placed  13.4 
g  of  [CuC03Cu(0H)2  ],  7.1  g  of  Na2Si03  •  8H2O,  13.4  ml  of  water,  and  200  ml  of  cleaned  pumice  in  small  pieces 
and  the  whole  was  shaken  until  the  whole  reaction  mass  was  deposited  on  the  pumice.  The  raw  catalyst  was 
placed  in  the  reaction  tube  and  heated,  first  in  a  stream  of  nitrogen  for  8  hours  at  100*,  and  then  in  a  stream  of 
hydrogen  until  evolution  of  water  and  CO2  ceased. 

Regeneration  of  the  catalyst,  a)  The  catalyst  was  regenerated  periodically  after  every  3-4  hours  of  use; 
hydrogen  was  passed  through  the  catalyst  for  4-5  hours  at  2-5  liters/ hour  at  200*.  b)  Complete  regeneration 
was  carried  out  if  periodic  regeneration  proved  inadequate  and  the  y -butyrolactone  yield  fell  considerably.  A 
stream  of  air  was  passed  at  high  speed  through  the  catalyst  heated  to  200*.  The  temperature  of  the  catalyst  first 
rose  spontaneously  to  300*,  and  was  then  maintained  at  270-300*  during  the  whole  oxidation  process  by  external 
heating.  The  oxidation  time  for  800  ml  of  catalyst  was  3  hours.  The  oxidized  catalyst  was  reduced  by  hydrogen 
for  10  hours  at  200*  (hydrogen  passed  at  2-5  liters/hour). 


Diagram  of  experimental  installation  for  production  of  butyrolactone. 
Explanation  in  text. 


Experimental  procedure.  The  apparatus  shown  in  the  Figure  was  used  for  synthesis  of  y  -butyrolactone. 

Nitrogen  from  the  cylinder  A  was  passed  at  a  rate  of  400  liter^hour  into  the  tubular  furnace  B,  then  in¬ 
to  the  mixing  vessel  C  (200*),  into  which  1,4-butanediol  (b.p.  128-129*  at  14-15  mm,  -n®  1.4470  )  was 
simultaneously  added  from  the  dropping  funnel  D  at  a  rate  of  20-35  ml/ hour.  The  gas  mixture,  consisting  of 
nitrogen  and  diol  vapor  (195-210*),  entered  the  reaction  vessel  E  (800  ml  of  catalyst,  temperature  220-240*), 
and  then  a  metal  spiral  condenser  F,  cooled  to  -  6  to  -10*;  here  the  mixture  was  partially  condensed  and 
collected  in  the  receiver  G.  The  uncondensed  partof  the  product  was  caught  in  the  traps  H,  cooled  to  -20  to 
-30*.  The  pressure  in  the  system,  measured  by  a  mercury  manometer,  was  30-60  mm  above  atmospheric. 

A  description  of  one  of  the  experiments  is  given  in  illustration.  When  120  g  of  butanediol  was  passed 
over  the  catalyst  for  3.6  hours,  104.6  g  of  condensate  was  obtained.  After  removal  of  water  and  low -boiling 
susbtances  under  a  moderate  vacuum  (36-40  mm),  the  reaction  product  was  distilled  at  6-7  mm,  the  following 
fractions  being  obtained; 

I  50—  63°  1.9  a 

II  68—  73  60.9  ® 

III  103—109  22.9 

There  was  6.6  g  of  residue  in  the  distillation  flask.  Fraction  III  was  unreacted  butanediol-1,  4.  Another 
distillation  of  fraction  II  yielded  y  -butyrolactone  with  b.p.  62-67*  at  6  mm.  Yield  57.6  g  (50.6«7o  of  theo¬ 
retical  ). 

The  analysis  of  y  -butyrolactone  was  based  on  cleavage  of  the  lactone  bond  by  alkali; 
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CHo — GHs 


CH2 


I  +  NaOH  — 


CO 


OH-CHgCHgCHaCOONa  +  HgO 


A  weighed  sample  (about  0.15  g)  of  y  -butyrolactone  was  placed  in  a  flask  containing  26  ml  of  0.1  N 
NaOH,  and  heated  for  an  hour  on  a  boiling  water  bath. 


The  reaction  mass  was  cooled  and  the  excess  alkali  was  titrated  with  0.1  N  HCl  in  presence  of  phenol- 
phtlialein.  The  pure  butyrolactone  content  was  found  form  the  amount  of  alkali  taken.  The  results  of  3  deter¬ 
minations  are  given  below. 


Taken  (in  g) 
0.1537 
0.1468 
0.1488 


Found  (in  g ) 
0.1512 
0.1449 
0.1467 


Found (in  %) 
98.62 
98.71 
98.66 


The  results  of  the  other  experiments  on  the  synthesis  of  y -butyrolactone  are  given  in  Tables  1  and  2. 
TABLE  1 

Synthesis  of  y  -Butyrolactone  in  a  Stream  of  Nitrogen 
(Without  Regeneration  of  the  Catalyst) 

(Nitrogen  rate  400  liters  /hour,  diol  rate  20  ml/hour,  experi¬ 
ments  5  hours  each) 


Experi¬ 
ment  No. 

Pressure  in 
system  (in 
mm  Hg ) 

Tempera  ture 
in  mixing 
vessel  ( deg) 

Temperatu¬ 
re  in  reac- 

‘73e^'* 

Yield  of 
y  -butyro- 
lactone 
(in%) 

1 

2 

46—60 

36—60 

180—230 

190—206 

! 

230—240 

226—236 

28.2 

6 

Experiment  1  was  performed  with  freshly  reduced  catalyst,  and  Experiment  2  was  performed  immediately 
after  Experiment  1  without  regeneration  of  the  catalyst  between  the  experiments. 

Table  2  gives  the  results  of  a  series  of  consecutive  experiments  on  the  synthesis  of  y  -butyrolactone  in 
a  nitrogen  atmosphere.  After  each  experiment  the  catalyst  was  subjected  to  "periodic"  regeneration.  The  data 
clearly  show  the  gradual  decrease  of  catalyst  activity.  After  Experiment  14  "complete"  regeneration  of  the 
catalyst  was  carried  out,  and  as  a  result  the  yield  of  y  -butyrolactone  rose  again  (Table  3). 

Synthesis  of  y -Butyrolactone  from  Butanediol - 1, 4  in  a  Stream  of  Hydrogen. 

The  apparatus  shown  in  the  diagram  was  used  for  the  syntiiesis.  The  hydrogen  was  passed  at  100-200 
liters/ hour,  and  the  temperature  of  the  tubular  furnace  was  250-300*.  128.1  g  of  butanediol -1,4  passed  over  the 
catalyst  yielded  118.2  g  of  a  reaction  mass,  from  which  110.5  g  of  y  -butyrolactone  with  b.p.  69-74*  at  7.5  mm 
was  isolated.  In  addition,  in  the  spiral  trap  cooled  to  —20  to  -30*,  2.45  g  of  a  product  consisting  of  a  mixture  of 
water  and  low -boiling  substances  was  collected.  The  yield  of  y -butyrolactone  was  90.1p7r. 
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TABLE  2 

Synthesis  of  y -Butyrolactone  in  a  Stream  of  Nitrogen  with  Periodie  Regeneration 
of  the  Catalyst 

(Nitrogen  rate  400  liters/ hour,  diol  rate  20  ml/ hour) 


No. 

Experi¬ 

ment 

Pressure  in 
system  (in 
mm  Hg) 

Temper  iitu- 
re  in  mix¬ 
ing  vessel 
(deg) 

Tempera¬ 
ture  in 
reaction 
tube  (deg) 

Duration  of 
experiment 
(hours) 

Yield  of 
y  “butyro- 
lactone 
(in  %) 

Duration  of 
catalyst  re¬ 
generation 
before  expe¬ 
riment  (hrs.) 

3 

35—60 

1 

200—210 

225—235 

3 

30.3 

16 

4 

35—40 

195—210 

225—240 

4.5 

32.9 

17.6 

6 

35—60 

180—205 

230—235 

2 

47.6 

5 

6 

35—60 

185—190 

225—230 

2 

37.9 

6.6 

7 

30—50 

190—205 

225—235 

4 

33.6 

6.5 

8 

35—50 

185-202 

220—236 

3 

38.3 

4.6 

9 

85—50 

210—215 

220—230 

3 

38.5 

4 

10 

35—50 

185—205 

225—235 

3 

32.1 

4 

11 

35—60 

190—195 

225—235 

4 

27.0 

4 

12 

35—60 

185—210 

225—236 

3.6 

22.2 

4 

13 

35—55 

190—210 

220—240 

4 

22.1 

4 

14 

35—60 

200—215 

230—250 

4 

17.8 

3.6 

TABLE  3 

Preparation  of  y  -Butyrolaetone  in  a  Stream  of  Nitrogen  After  Complete 
Regeneration  of  the  Catalyst 
(Nitrogen  rate  400  liters/ hour) 


Experi¬ 

ment 

No. 

Pressure  in 
system  (in 
mm  Hg ) 

TemperatUE 

in  mixing 
vessels  (de^ 

TemperatUE 
in  reaction 
tube  ( deg ) 

Duration 

of 

experi¬ 

ment 

(hours) 

Diol 
volume 
feed  rate 
(  ml/hr) 

Yield 

of 

y-buty- 

rolac- 

tone(f) 

Duration  of 
catalyst  re¬ 
generation  be 
fore  experi¬ 
ment  (hrs.) 

15 

36—60 

195—210 

230—240 

8 

86 

46.1 

Experime  nt 
perforriEd 
after  com¬ 
plete  regene- 

16 

30—55 

195—210 

220—240 

3.6 

35 

50.3 

ration  ^ 

17 

36—60 

205—210 

220—240 

3.5 

35 

45.3 

8 

18 

36—66 

200—210 

220—250 

2 

40 

41.7 

8 

SUMMARY 

1.  In  a  study  of  the  reaetion  for  the  produetion  of  y  -butyrolaetone  from  butanediol-1,  4  (over  a 
eopper  eatalyst )  in  hydrogen  and  in  oxygen  it  was  shown  that  in  presence  of  hydrogen  y  -butyrolaetone  is 
formed  in  good  yield,  reaching  90<7o. 

2.  When  the  reaction  of  butyrolaetone  formation  is  carried  out  in  a  stream  of  nitrogen  the  catalyst 
activity  decreases  rapidly. 

3.  A  method  for  regeneration  of  the  catalyst  has  been  developed  whereby  the  dehydrogenation  of  1,4- 
-butanediol  to  y  -butyrolaetone  can  be  performed  in  a  stream  of  nitrogen,  with  yields  up  to  50<yo. 
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QUANTITATIVE  DETERMINATION  OF  VAT  DYES  ON  THE  FIB 

L  .  M  .  Golo  mb 

Rubezhnaya  Branch  of  the  K.E.  Voroshilov  Scientific  Research  Institute 
Of  Organic  Intermediates  and  Dyes 

Removal  of  vat  dyes  from  dyed  fibers  or  printed  fabrics  for  quantitative  determination  is  of  considerable 
interest  in  studies  of  fading,  selectivity,  and  affinity  phenomena,  and  also  in  investigations  of  factors  influenc¬ 
ing  fixation  of  dyes  in  printing  cellulose  fabrics  (such  as  the  degree  of  pigment  dispersion  in  printing  pastes, 
duration  of  steaming,  rongalite  and  potash  contents  in  the  printing  dyes,  choice  of  thickeners,  etc). 

At  the  present  time,  apart  from  indirect  methods  used  in  certain  special  cases  [1,  2],  two  methods  are 
known  for  direct  determination  of  dyes  on  fibers  (cellulose  and  wool  ). 

Either  the  fiber  may  be  dissolved  together  with  the  dye,  or  the  dye  can  be  stripped  from  the  fiber  witli- 
out  destruction  of  the  latter.  In  each  case  the  dye  is  determined  colorimetrically  by  comparison  with  a  standard 
solution  of  the  particular  dye,  prepared  under  the  same  conditions.  A  gravimetric  method  is  also  sometimes 
used  [3]. 

As  far  back  as  1932  Belenky  first  showed  that  vat  dye  hydrosols  formed  by  careful  oxidation  of  the  leuco 
solutions  in  presence  of  protective  colloids  are  stable,  brightly  colored  and  are  well  suitable  for  colorimetric 
determination  as  they  obey  the  Lambert-Beer  law  [4]. 

Analytical  methods  for  determination  of  vat  dyes  were  subsequently  developed  on  the  basis  of  these  data 

[5-7]. 

The  fiber  and  dye  are  dissolved  in  chemically  pure  concentrated  sulfuric  acid.  The  solution  is  poured 
into  cold  water  containing  a  protective  colloid  (gelatin  or,  better,  nonionic  agents  of  the  Peregal  type).  This 
results  in  formation  of  colloidal  or  transparent  brightly  colored  sulfuric  acid  sols-hydrosulfosols. 

This  method,  proposed  by  Sokolov  in  1939  [5],  has  been  widely  used  in  this  country  and  abroad  for  in¬ 
vestigations  of  vat  dyes,  both  on  cellulose  fibers  and  on  wool  [8-11].  It  proved  especially  suitable  for  determi¬ 
nations  of  indigoid  dyes  [7,  11]. 

Some  workers  used  pyridine  for  extraction  of  vat  dyes  from  printed  fabrics  (cotton,  viscose,  wool )  in 
determinations  of  percentage  fixation  in  printing  [2,  12,  13].  This  method  is  used  little,  probably  owing  to  the 
toxicity  of  the  solvent. 

The  use  of  dimethylformamide  cannot  be  recommended,  for  the  same  reason  [15]. 

Indigoid  dyes  are  satisfactorily  stripped  from  wool  in  orthochlorophenol;  the  stripping  from  cotton 
fabrics  is  slower;  some  polycycloketone  dyes  are  also  stripped  in  this  solvent  [15,  16]. 

Of  the  methods  used  for  stripping  vat  dyes  from  fibers  without  destmction  of  the  specimens,  the  most 
widely  known  is  the  method  described  by  Abramovich  in  1940  [17].  In  this  method  the  dyed  cotton  fabric  spec¬ 
imen  is  treated  in  alkaline  hydrosulfite  solution  in  presence  of  ethylene  glycol  monoethyl  ether,  kown  as  "Cel- 
losolve",  which  is  widely  used  as  a  solvent  in  the  paint  and  varnish  industry.  The  dye  is  converted  into  the  leuco 
compound  and  is  removed  from  the  fiber,  as  in  presence  of  this  solvent  the  process  is  irreversible,  i.e.,  the  dye 
stripped  in  the  leuco  form  cannot  be  taken  up  again  by  the  fiber.  The  solutions  are  stable  and  suitable  for  op¬ 
tical  determinations. 
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In  recent  years  this  method  lias  been  used,  either  in  the  form  described  by  the  author,  or  in  somewhat 
simplified  or  modified  form,  for  most  quantitative  determinations  of  vat  dyes  on  cellulose  [11,  15,  16,  18,  19], 

The  Abramovich  method  has  also  been  used  in  the  preparation  of  solutions  of  vat  dyes  for  chromato¬ 
graphic  separation  [20], 

Surface -active  agents  used  as  leveling  agents  in  vat  dyeing,  such  as  Peregal  O,  agent  OP-10,  etc.,  are 
known  to  assist  the  removal  of  certain  vat  dyes  in  alkaline  reducing  solutions  [21]. 

However,  the  literature  contains  no  data  on  tlie  use  of  solvents  other  than  Cellosolve  for  dye  stripping 
in  alkaline  hydrosulfite  media. 

The  purpose  of  this  investigation  was  to  determine  whether  Cellosolve  is  the  only  substance  which  as¬ 
sists  the  removal  of  vat  dyes  from  fibers  in  alkaline  reducing  solutions,  and  to  study  tlie  possibility  of  using  other 
solvents  for  this  purpose. 

EXPERIMENTAL 

Solutions  of  the  following  composition  were  used  for  stripping  vat  dyes  from  printed  calico  specimens 
5  cm*  in  area:  organic  solvent  300  ml,  100%  caustic  soda  5.0  g,  hydrosulfite  10.0  g,  OP-10  5.0  g,  distilled 
water  to  1000  ml. 


TABLE  1 

Results  of  Experiments  on  Dye  Stripping 
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specimen  was  adequately  decolorized  even  in  the  cold,  wliile  the  mi 
or  no  decolonization  occurred  under  the  same  conditions. 


TABLE  2 

Results  of  Determinations  of  Dye  Stability  in 
Different  Solvents 


Optical  density 
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0.36 
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The  specimens  were  placed  in  50  ml  conical  flasks,  covered  with  30  ml  of  solution,  held  at  20-25"  for 
30  minutes,  and  then  warmed  on  the  water  bath  at  70-75*  for  30-45  minutes.  If  the  specimens  were  not  ade¬ 
quately  decolorized,  they  were  treated  with  fresh  solution  for  30  minutes  more. 

The  degree  of  stripping  was  estimated  on  an  arbitrary  six -point  visual  scale*  complete  removal  of  color  5, 
scarcely  perceptible  color  4,  perceptible  color  3,  weak  color  2,  somewhat  modified  color  1,  unchanged  color  0, 

The  estimations  were  carried  out  on  specimens  which  had  been  washed  with  water  and  dried  after  the  dye 
had  been  stripped  on  warming,  with  the  exception  of  specimens  which  were  decolorized  even  iri  the  cold.  Eight 
polycycloketone  dyes,  six  thioindigoids,  and  bromoindlgo  were  studied. 


The  results  of  the  experiments  are  given  in  Table  1. 

Next,  tests  were  carried  out  on  the  stability  of  leuco  solutions  of  vat  dyes  in  presence  of  triethylene 
glycol  which  was  found  to  assist  formation  of  leuco  solutions  which  were  convenient  to  analyze  colorimetrically, 
and  which  is  not  inferior  to  ethyl  Cellosolve  in  the  degree  of  stripping. 

10  cm*  specimens  of  calico  printed  with  Vat  Bright  Green  Zh  (15%  pfinting  paste  )  were  taken  for  these 
tests.  Each  of  five  specimens  was  decolorized  by  threefold  treatment  with  30  ml  of  an  aqueous  solution  containing 
(in  ml/ liter);  400  of  triethylene  glycol,  12  of  32.5%  caustic  soda,  10  of  10%OP-10,  and  10  g/ liter  of  hydrosul¬ 
fite. 

The  first  treatment  was  performed  at  20-25*  in  30  ml  of  solution;  the  colored  solutions  were  poured  into 
100  ml  measuring  flasks,  and  this  was  followed  by  two  treatments  on  the  water  bath  at  70-75*  with  30  ml  of  fresh 
solution  each  time,  the  solutions  being  poured  into  tlie  same  measuring  flasks.  These  were  then  made  up  to  the 
mark  with  fresh  solution.  The  leuco  solutions  were  estimated  colorimetrically  in  cells  10  mm  long  with  a  No  J. 
light  filter  by  means  of  a  1954  FEK-M  electrophotocolorimeter. 

The  solutions  were  kept  in  stoppered  flasks  in  the  light. 

The  results  of  determinations  of  the  stability  of  leuco  solutions  of  Vat  Bright  Green  Zh  in  presence  of 
triethylene  glycol  on  standing  are  given  in  Table  2, 

SUMMARY 

1.  Ethyl  Cellosolve  is  not  the  only  solvent  suitable  for  stripping  vat  dyes  in  alkaline  reducing  solutions. 

2.  Triethylene  glycol  is  not  inferior  to  ethyl  Cellosolve. 

3.  Leuco  dye  solutions  obtained  in  presence  of  triethylene  glycol  are  stable  and  suitable  for  colorimetry. 

4.  Glycerol  and  ethylene  glycol  assist  partial  removal  of  polycycloketone  dyes  and  certain  thioindigoids; 
triethanolamine,  although  it  assists  stripping  of  the  dyes  from  the  fibers,  is  unsuitable  as  the  solutions  often  become 
decolorized. 

5.  Polycycloketone  dyes  are  easily  stripped  even  in  the  cold,  while  thioindigoids  require  the  action  of 
heat  in  most  cases. 
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6.  The  strippability  of  a  dye  depends  on  its  chemical  structure;  completeness  of  stripping  depends  to  a 
certain  extent  on  the  affinity  of  the  dye  for  the  fiber.  In  the  experimental  conditions  used,  slight  residual  color 
remains  in  the  case  of  dyes  Nos.  5,  6  and  7,  dibenzanthrone  and  isodibenzanthrone  derivatives,  tlie  affinity  of 
which  is  5.2-5.8  kcal^  mole  [15]. 

Distinctive  behavior  is  shown  by  vat  Yellow  ZKh  (naphthoquinone  derivative  )  and  Thioindigo  Scarlet 
( acenaphthene  derivative),  which  are  removed  completely  in  presence  of  all  the  solvents  tested. 
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BOOK  REVIEWS 


P.P.  Budnikov  and  Kh.O.  Gevorkyan,  Porcelain  (Introduction  to  its  Technology). 
State  Local  Industry  of  the  RSFSR  Press,  Moscow,  1955  (12,75 printers'  sheets). 


Despite  the  great  economic  importance  of  the  fine  ceramic,  and  in  particular  of  the  porcelain  industry, 
and  of  porcelain  articles,  few  books  have  been  published  in  the  postwar  period  on  basic  questions  of  porcelain 
technology.  The  literature  on  these  subjects  is  very  scanty  ~  it  is  largely  confined  to  disconnected  journal  articles. 

The  publication  of  the  book  by  P.P.  Budnikov  and  Kh.O,  Gevorkyan  is  very  timely,  especially  as  the 
book  has  a  number  of  merits.  The  original  plan  of  the  book  is  noteworthy. 

Technological  progress  in  fine  ceramics  during  recent  decades  has  involved  both  progress  in  the  techno¬ 
logical  processes  themselves,  and  the  emergence  of  a  variety  of  new  machinery  and  equipment.  Any  attempt 
to  cover  all  the  numerous  relevant  questions  in  one  book  on  ceramic  technology  usually  results  in  an  excessively 
voluminous  book. 

The  authors  of  "Porcelain"  have  found  a  correct  and  original  solution  for  the  problem  of  presenting  por¬ 
celain  technology.  They  have  devoted  their  book  mainly  to  problems  of  chemical  technology  and  scientific  and 
technical  principles  of  porcelain  manufacture,  without  detailed  descriptions  of  machinery,  kilns,  and  driers. 

They  evidently  took  into  account  the  fact  that  in  recent  years  good  text  books  and  monographs  have  been  pub¬ 
lished  both  on  machinery  and  on  kilns  and  driers  in  the  ceramic  industry,  in  which  questions  of  machinery  and  heat¬ 
ing  equipment  are  dealt  with  in  adequate  detail.  In  the  higher  technical  colleges,  courses  on  technology,  ma¬ 
chinery  and  equipment,  kilns  and  driers,  are  also  correspondingly  separated. 

The  authors’  merit  lies  in  their  treatment  of  the  physicochemical  and  physical  nature  of  the  technologic¬ 
al  processes  at  different  stages  of  production.  This  has  been  done  in  compressed  form  in  a  book  of  moderate 
size  (203  pages). 

The  book  consists  of  9  chapters.  Chapter  I  describes  raw  materials  for  porcelain  production,  and  gives 
the  most  important  data  on  the  composition  and  properties  of  clays,  feldspars,  and  silicate  raw  materials.  Par¬ 
ticular  attention  is  paid  to  processes  of  interaction  between  clay  materials  and  water. 

Chapters  II,  ni,  IV,  V,  and  VI  describe  the  main  processes  of  porcelain  production.  Chapters  VII,  VIII, 
and  IX  deal  with  the  properties  and  varieties  of  porcelain. 

Processes  which  occur  during  firing  of  porcelain  are  discussed  in  the  greatest  detail  (Chapter  VI).  The 
chemical  and  structural  processes  which  take  place  in  the  complex  raw  mixes  containing  kaolin,  clay,  feldspar, 
and  quartz  at  high  temperatures  are  considered  especially  thoroughly.  On  page  144  the  numerous  data  are  gen¬ 
eralized  in  an  interesting  scheme  of  structure  formation  in  porcelain;  this  shows,  in  concise  form,  the  sequence 
of  structural  chemical  processes  in  the  porcelain  slip  at  various  stages  of  firing.  In  this  chapter  the  authors  (by 
a  systematization  and  analysis  of  the  results  of  numerous  investigations  carried  out  by  themselves  and  by  others) 
provide  a  fundamental  interpretation  of  porcelain  firing  processes. 

The  questions  of  the  physicochemical  changes  in  production  slips  at  high  temperatures,  discussed  in  the 
book,  are  of  interest  not  only  to  workers  in  the  porcelain  industry,  but  to  specialists  in  other  branches  of  the 
ceramic  industry. 

Some  defects  of  the  book  should  also  be  pointed  out.  In  discussions  of  theoretical  questions,  the  authors 
advance  only  their  own  points  of  view  on  a  number  of  controversial  points,  which  have  other  interpretations.  For 
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example,  in  confirmation  of  their  opinion  concerning  the  sources  of  mullite  formation  in  porcelain,  the  autliors 
refer  to  the  absence  of  mullite  in  the  product  formed  by  cooling  pure  feldspar  melts,  and  conclude  that  mullite 
is  formed  in  porcelain  as  the  result  of  intramolecular  changes  in  kaolin.  However,  this  is  not  an  indisputable 
view.  The  authors  should  have  mentioned  the  existence  of  odier  opinions  on  this  controversial  question. 

Despite  all  the  merits  of  the  terse  presentation  of  the  material  in  the  book,  it  must  be  said  that  certain 
questions  are  discussed  with  excessive  brevity.  This  applies  to  the  sections  dealing  with  glazing  and  decorating 
of  porcelain,  which  require  more  detailed  presentation.  The  processes  of  grinding  raw  materials  are  also  des¬ 
cribed  relatively  briefly. 

The  list  of  literature  references  should  be  divided  between  the  individual  chapters,  and  should  have  in¬ 
cluded  the  most  interesting  papers  from  foreign  sources. 

The  book  contains  some  misprints;  for  example,  on  page  174  the  equality  sign  is  omitted  in  the  formula, 
making  the  use  of  this  formula  difficult. 

However,  these  defects  do  not  detract  from  the  merits  of  the  book.  It  is  well  written  and  interesting  to 

read. 

The  publication  of  P.P.  Budnikov  and  Kh.  O.  Govorkyan 's  very  useful  book  must  be  welcomed.  It  is 
a  valuable  contribution  to  the  national  literature  on  porcelain. 

In  view  of  the  restricted  printing  of  the  first  edition,  the  book  should  be  re-edited  and  its  size  and  print¬ 
ing  should  be  increased. 


G.V.  Kukolev 


Transactions  of  the  V.L.  Komarov  Botanical  Institute,  Academy  of  Sciences  USSR 

"Vegetable  Raw  Materials",  edited  by  Doctor  of  Chemical  Sciences, 

Professor  G.V,  Pigulevsky,  No.  5.  1955. 

We  welcome  the  publication  in  1955  of  the  collected  Transactions  of  the  Chemical  Laboratory  of  the 
Division  of  Plant  Resources,  of  the  VX.  Komarov  Botanical  Institute,  Academy  of  Sciences  USSR,  devoted  to 
studies  of  the  fruits  and  roots  of  various  wild  plants  growing  in  the  territory  of  the  USSR. 

The  papers  are  of  great  topical  importance.  They  acquaint  the  reader  with  a  number  of  useful  wild 
plants  containing,  in  their  roots  and  fruits,  chemical  compounds  (essential  oils,  coumarin  derivatives,  fats,  dyes, 
etcO  which  may  be  used  in  the  national  economy. 

In  addition,  a  separate  article  contains  a  collection  of  extensive  experimental  data  on  Raman  spectra  of 
chemical  compounds  found  in  essential  oils.  The  descriptions  of  the  spectra  are  preceded  by  an  introduction 
which  demonstrates  the  importance  of  the  Raman  spectmm  method  for  studying  essential  oils. 

The  Transactions  also  contain  very  valuable  information  on  the  problem  of  terpene  formation  in  plant 
organisms. 

The  paper  by  G.V.  Pigulevsky  and  V.I,  Kovaleva:  "Investigation  of  the  Essential  Oil  of  the  Wild  Carrot 
-Daucus  carota  L.  *  gives  the  first  description  of  a  new  species  of  an  essential  oil  plant  the  fruits  of  which 
contain  up  to  2.5%  of  an  essential  oil  rich  in  geraniol  (up  to  52%)-  a  valuable  aromatic  substance  necessary 
for  the  perfume  industry. 

The  authors  of  the  paper  used  modern  methods  to  study  the  chemical  composition  and  physical  proper¬ 
ties  of  two  samples  of  essential  oil  obtained  from  the  fruits  of  this  wild  canot,  which  grows  in  Northern  Caucasus 
(Stavropol  region)  and  in  Transcaucasia  (Kakhetia) . 

As  the  perfume  industry  at  the  present  time  is  showing  an  acute  demand  for  geraniol,  we  must  wish  the 
authors  success  in  the  industrial  development  of  their  proposed  method  for  production  of  geraniol  from  an  in¬ 
digenous  natural  raw  material. 

A  paper  by  G.A.  Kuznetsova  is  entitled  "Investigation  of  the  Resin  in  the  Roots  of  Prangos  pabularia  L." 
The  extensive  experimental  data  in  this  paper  acquaints  the  reader  with  a  new  rich  source  of  coumarin  deri¬ 
vatives,  which  have  practical  applications  in  the  field  of  medicine. 

The  autlior  of  the  paper  made  a  detailed  study  of  the  roots  of  a  perennial  grass  of  the  Umbelliferae 
family,  Prangos  pabularia  L.,  which  grows  in  the  mountains  of  Central  Asia  in  Western  Tian-Shan,  and  Pamir- 
Alai.  It  was  found  that  the  resin  of  the  roots  of  this  plant  contains  a  number  of  crystalline  substances  belonging 
to  the  natural  coumarins  (oxypeucedanin,  osthole,  xanthosthole,  etc. ). 

The  structures  of  these  organic  compounds,  isolated  individually,  were  studied  by  both  chemical  and 
physical  methods  (absorption  spectra,  etc.) . 

Attention  must  also  be  drawn  to  the  valuable  review  of  the  literature,  in  which  the  author  discusses  the 
extensive  data  (125  references  )  on  coumarin  derivatives. 

A  defect  of  this  article  is  its  size  (59  pages).  The  paper  is  in  the  form  of  a  dissertation,  giving  even 
the  smallest  experimental  details,  which  are  of  secondary  importance  in  the  majority  of  cases,  and  is  therefore 
difficult  to  read. 


A  paper  by  G.V.  Pigulevsky  and  T.N.  Naugolnaya  deals  with  a  study  of  the  resin  from  the  roots  of  Ferula 
gumosa  Boiss.,  which  grows  in  Central  Asia  (the  Askhabad  region). 

In  a  study  of  this  plant  resin  the  authors  discovered  a  new  unsaturated  cyclic  acid  with  four  double  bonds, 
which  has  been  named  galbanic  acid.  Information  on  tlie  structure  of  this  acid  has  been  obtained  for  the  first  time 
by  the  use  of  modern  investigation  methods.  This  paper  is  of  considerable  scientific  interest. 

A  paper  by  Yu.A.  Dranitsina  deals  with  a  study  of  a  fatty  oil  from  the  roots  of  Pachypleuram  alpinum 
which  grows  in  the  north  of  the  USSR  (Taimyr  peninsula).  It  acquaints  the  reader  with  a  rare  case  of  accumula¬ 
tion  of  oil  as  a  storage  material  in  the  roots  of  the  most  northerly  umbelliferous  plant,  Pachypleurum  alpinum. 

The  author  has  shown  that  the  roots  of  this  plant  contain  up  to  23.3<yp  of  a  fatty  oil,  containing  ( in  <7o): 
saturated  acids  1.35,  oleic  acid  20.05,  linoleic  acid  64.33,  and  an  acid  with  conjugate  double  bonds  14.27. 

It  is  interesting  to  note  that  this  plant,  which  belongs  to  tiie  Umbelliferae,  does  not  contain  petroselenic 
acid,  characteristic  for  umbelliferous  plants  of  southern  regions.  To  account  for  this  fact,  highly  interesting 
from  the  scientific  point  of  view,  the  author  would  be  advised  to  study  the  comp)osition  of  the  oil  in  the  fruits 
of  this  plant. 

G.V.  Lazuryevsky*s  paper  ^nvestigation  of  Dyes  from  Plants  of  the  Sophoreae  Leguminosae  Group"  ac¬ 
quaints  the  reader  with  a  hitherto  unknown  type  of  natural  dyes,  the  molecules  of  which  contain  a  terpene  group. 
The  author  has  carried  out  an  extensive  study  of  the  wild  flora  of  Central  Asia  and  has  discovered  a  new  group 
of  leguminous  plants  containing  new  peculiar  dyes  (sophoreols)  in  the  root  cortex;  these  dyes  are  complex 
mixtures  of  related  amorphous  substances  of  a  phenolic  character. 

They  differ  in  molecular  weight  and  can  be  condensed  by  the  action  of  certain  reagents  into  more  com¬ 
plex  and  more  stable  substances. 

This  paper  is  of  great  theoretical  and  practical  importance  and  is  apparently  the  beginning  of  further 
detailed  investigations. 

A  defect  of  the  paper  is  that  the  author  did  not  succeed  in  identifying  the  dyes,  proving  their  structure, 
or  studying  their  properties. 

A  very  interesting  paper  from  the  scientific  viewpoint  is  G.V.  Pigulevsky  *s  "Optical  Forms  of  Terpenes." 
The  paper  deals  with  the  problem  of  terpene  formation  in  plant  organisms,  and  is  purely  theoretical  in  charac¬ 
ter. 


After  several  years  of  study  of  terpene  formation  in  plants  belonging  to  different  families  of  the  vege¬ 
table  kingdom,  the  author  has  reached  the  conclusion  that  the  optical  activity  of  terpenes  is  not  fortuitous  in 
character.  It  is  related  to  definite  taxonomic  units.  This  association  of  individual  families  and  genera  with 
levo  and  dextro  forms  makes  it  possible  to  predict  the  nature  of  the  optical  activity  of  terpenes  in  as  yet  un¬ 
studied  essential  oils,  which  is  very  important. 

Moreover,  analysis  of  the  optical  activity  of  terpenes  has  led  the  author  to  certain  general  conclusions 
concerning  the  problem  of  terpene  formation.  The  optical  activity  of  terpenes  is  closely  associated  with  the 
biochemical  processes  by  which  they  were  originated.  The  slightest  change  in  the  biochemical  activity  of  a 
plant  affects  the  action  of  the  mechanism  whereby  terpenes  are  synthesized. 

It  would  be  very  desirable  if  the  author  also  made  a  study  of  the  behavior  of  substances  belonging  to 
other  bicyclic  systems,  such  as  fenchane  or  thujane. 

G.V.  Pigulevsky  and  A.T.  Ryskalchuk,  "Raman  Spectra  of  Compounds  Found  in  Essential  Oils." 

This  paper  is  a  fundamental  work,  based  on  literature  sources  and  on  experimental  data  obtained  by  the 
authors  in  the  course  of  many  years  of  research  on  Raman  spectra  of  organic  compounds  found  in  essential  oils. 

The  publication  of  this  paper  was  induced  by  the  authors '  desire  to  facilitate  the  application  of  the  new 
method  for  studying  the  structure  of  various  natural  organic  compounds. 

The  use  of  Raman  spectroscopy  radically  changes  the  investigation  of  essential  oils.  Analysis  of  Raman 
spectra  reveals  whether  a  given  substance  belongs  to  the  aromatic  class  or  to  other  classes,  whether  it  contains 
double  bonds,  whether  the  molecule  contains  functional  groups,  etc.  This  method  opens  up  wide  possibilities 
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for  the  organic  chemist,  ami  it  should  be  developed  in  every  way.  This  paper  should  prove  very  valuable  to 
senio'r  students  and  scientific  assistants  in  researcli  laboratories  as  an  aid  to  understanding  the  method. 

It  should  be  noted  in  conclusion  that  this  collection  of  papers,  despite  the  defects  noted  in  some  of  the 
articles,  is  very  useful  and  interesting,  as  it  provides  the  possibility  of  correct  evaluation  of  the  economic  im¬ 
portance  of  a  particular  plant,  and  assists  in  the  solution  of  the  problem  of  utilization  of  the  natural  resources 
of  our  country  in  industry. 

P.  Artamonov 
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